Final report

Scientific report (6-8 pages maximum)

1 Purpose of the visit: Influence of the surface roughness of single particles on the SERS enhancement factor

      Surface enhanced Raman scattering (SERS) allows for the ultra-sensitive detection and investigation of molecule-light interactions, reaching in specific conditions the single molecule detection. For the description of the SERS effect, particles are often characterized by their size and shape. Typically, lithographically fabricated substrates are the most promising candidates for the realization of SERS substrates with designed and quantitative reproducible enhancement factors. However, nanoscopic details, in particular, surface roughness (at a scale of 1-10nm) of larger (in the range of 50-100nm) particles plays an important role in the optical properties and the SERS efficiency. Therefore, it has been shown recently that a decrease of the nano-scale roughness leads to a narrowing and an increase of the LSP peak, and thus, an increase of the local electric field is expected [1,2].

In this project, we plan to analyse the influence of the surface roughness and cristallinity of lithographically designed gold nano-particles by thermal annealing, and investigate the changes induced to the particles absorption and scattering spectrum, the SERS enhancement factor and surface structure.

During the visit in Graz, we concentrate on the electron beam lithographic fabrication of suitable samples (gold circular dots, triangles, rods) for extending these investigations towards single particle analysis, and investigate the changes induced by thermal annealing on the nanoparticles surface roughness. We expect that this study will contribute to clarify the influence of surface roughness on the plasmonic properties and the SERS of lithographically fabricated metal nano-particles.
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2 Description of the work carried out during the visit

The work carried out during the visit in Graz consisted in the fabrication of gold lithographic nanostructures of different shapes (circular dots, rods, triangles), in order to study the respective influence of the crystalline structure and nanometric surface roughness on the far-field optical response and SERS efficiency of the lithographic samples.

Recently, we started to investigate the cristallinity and surface roughness changes of regular arrays of gold circular dots, through thermal annealing. Indeed, ellipsometry measurements of a continuous gold thin film together with surface imaging by scanning electron microscopy (SEM) and atomic force microscopy (AFM) showed the impact of the thermal treatment on gold. Therefore, annealing the sample (200°C for 5 minutes) leads to increase the average crystallite size from ca. 30nm to ca. 100nm. This process also results in less electron scattering events and thus reduced damping, since surface roughness features act potentially as electron scatter centers. As a result, it has been shown that the dielectric function is modified, with decreased values of both, real and imaginary part. By annealing gold lithographic samples, we can also monitor the modifications in the gold crystal structure via the dielectric function (deduced from the ellipsometry measurements), while AFM provides data on the surface roughness. 

We recently showed that the optical absorbance spectra are dramatically modified with a blue-shift of the localized surface plasmon (LSP) resonance wavelength, and a reduction of its full-width-at-half-maximum (FWHM), after the annealing process (see Figure 1). As a result, the near field response is expected to be modified, and in particular, should result in a stronger local electric field. However, SERS experiments using methylene blue as a molecular probe, showed that the  crystallite growth and smoothening of the particles has a negative effect on the specific SERS enhancement of the array, although the LSP resonance (as observed in the absorbance spectra) showed increased amplitude and less damping due to improved dielectric properties. 
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Figure 1: Experimental absorbance spectra of arrays of gold nanoparticles on quartz substrate with 150, 175, 200 and 225nm diameter, before (dashed lines) and after (solid lines) annealing at 200°C for five minutes.

This contradiction might be due to the fact that the surface roughness itself (on non-annealed samples) might contribute significantly to the near-field response, and thus the SERS effect. Moreover, the experiments were investigated in an ensemble of gold nanostructures.  In order to overcome this contradiction, we planned, during our stay, to fabricate lithographic samples composed of isolated particles (grating constant ca. 2 micrometers), in order to investigate in the next step, the far-field scattering by dark-field and SERS spectroscopy on a single particle.
3 Description of the main results obtained

Various samples of different particle shapes, mainly circular dots, nanorods, nanowires and triangles, were fabricated by a conventional lift-off EBL process on quartz substrates (figure 2). 
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Figure 2. SEM images of lithogaphic gold nanostructures: circular dots (upper left), rods (upper right), wires (down left); triangles (down right). The samples displayed above are not annealed.

The nanostructures were annealed at 200°C for only 5 minutes to avoid any significant particle deformation. As an example, we display, in Fig. 3, the SEM images of circular dots before and after the annealing process.
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Figure 3: SEM images of gold nanoparticles as-evaporated (left) and annealed at 200°C for five minutes (right). SEM images at an observation angle of 60°.
By comparing the images before and after annealing, several observations can be made. First, there is a clear reduction in surface roughness due to annealing, observed e.g. in the height reduction of the border features presumably originated from the lift-off process.  Second, as far as it can be told from the SEM images, the crystalline grains have increased in size. While a clear assignment of individual grains before and after annealing is not possible from the SEM images, it seems that individual particles respond quite differently to the heat treatment. Therefore, just a few particles appear exceptionally smooth after annealing without any indication of grain boundaries (see for example the dot located at the upper right of the grating). However, the average nanoparticle dimensions can be deduced from the SEM, and show that the size, as well as the shape, do not significantly change. Particle surface roughness can be estimated by AFM. It has been shown that the surface roughness decreases with a mean value of 2.6±1.55nm before and 1.4±0.5nm rms after annealing. 

We showed that it was possible to monitor the surface roughness of different particle arrays. We plan now to fabricate isolated gold nanostructures in order to investigate both the scattering spectrum and their SERS efficiency. We propose different paricle shapes. In particular, triangular particles are particularly interesting because of the strong local field at the tips, which is of main importance to detect the SERS signal of a dye on a single particle (see figure 2).

By extending our investigations towards single particle analysis, it will be possible to analyse the changes induced by thermal annealing on the nanoparticles surface roughness and make a direct connection with the scattering spectra and the SERS effect.
4 Future collaboration with host institution

First, the collaboration between the host institution and our laboratory will continue through this project. We also plan to submit an application ANR France-Austria this year. The project will be focused on SERS effect. 

5 Projected publications / articles resulting or to result from the grant

Two papers are in progress. 

The first paper, written by J. C. Tinguely (Experimental Institue of Graz), deals with a novel approach for positioning gold colloidal nanorods. The substrate binding sites are genretaed through electron beam lithography, creating trenches with access to a surface functionalized with silane molecules.
The second paper deals with the study of the influence of the surface roughness and cristallinity of lithographically designed gold nano-wires by thermal annealing (see figure 4). We show that the surface roughness contributes significantly to the SERS enhancement. We conclude that SERS effect is a multi-scale phenomenon, arising from both the particle LSP and the particle surface roughness.
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Figure 4: AFM images of gold wires: before annealing (left), after annealing (right).

6 Other comments (if any).
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