Surface-enhanced Raman scattering hot spot isolation using surface-enhanced multiphoton lithography

Eric D. Diebold, Paul Peng, and Eric Mazur


School of Engineering and Applied Science and Department of Physics

Harvard University, Cambridge, MA 02138

ABSTRACT

In this Manuscript, we present the fabrication and spectroscopic characterization of a large-area surface-enhanced Raman scattering (SERS) substrate, as well as a method for improving femtomole-level trace detection (109 molecules) using this substrate. Using multiphoton-induced exposure of a commercial photoresist, we physically limit the available molecular adsorption sites to only the electromagnetic “hot spots” on the substrate. This process prevents molecules from adsorbing to sites of weak SERS enhancement, while permitting adsorption to sites of extraordinary SERS enhancement. For a randomly adsorbed submonolayer of benzenethiol molecules the average Raman scattering cross-section of the processed sample is 27 times larger than that of an unprocessed SERS substrate.  

INTRODUCTION

Molecular adsorption sites on macroscopic surface-enhanced Raman scattering (SERS) substrates exhibit a high variance in Raman enhancement factors.1 As a direct consequence of this broad distribution, molecules adsorbed to the extremely small fraction of sites of extraordinary SERS enhancement (>109) contribute a large percentage of the total Raman signal measured. Random site adsorption over this distribution poses a problem for reliably measuring SERS signals from a number of molecules that form less than a monolayer of surface coverage. In this manuscript, we present a method for isolating hot spots on large area (>25 mm2) SERS substrates. We first describe the fabrication and spectroscopic characterization of femtosecond laser-nanostructured SERS substrates.2 Second, we describe the use of multiphoton-induced exposure of a commercial photoresist to uncover only the electromagnetic hot spots on the substrate.3 The electromagnetic enhancement at SERS hot spots and the intensity-dependent nature of multiphoton absorption cause preferential isolated exposure of the photoresist at the hot spots. Removal of the exposed photoresist then yields a substrate for which only hot spots are available as adsorption sites. This process does not require prior knowledge of the location or SERS enhancement of hot spots. Compared to a randomly adsorbed sub-monolayer of analyte molecules on an unprocessed SERS substrate, the same number of molecules adsorbed on isolated hot spots exhibits a 27-fold improvement in average Raman scattering cross-section. 

SERS SUBSTRATE FABRICATION AND CHARACTERIZATION

In order to perform any experiments on the nonlinear optical processing of SERS substrates, we must first develop and characterize a substrate that possesses several crucial properties.  Firstly, the substrate must have a large average enhancement factor to enable Raman spectroscopy of trace molecular quantities with a large signal to noise ratio.  Secondly, the substrates must yield a spatially uniform enhancement over its entire active area, and this enhancement must be reproducible from sample to sample.  This is perhaps the most critical factor in choosing a substrate for this type of experiment.  As we show here, we have developed a uniform, reproducible, high enhancement factor SERS substrate that is well suited for the experiments discussed later in this manuscript.  

The macroscopic SERS substrates used in this work are fabricated using a femtosecond laser-nanostructuring process.2 All substrates were fabricated on n-type silicon (100) wafers (( = 0.005 - 0.020 ( · cm). A pulse train from a regeneratively amplified titanium:sapphire laser was used to generate 800-nm center wavelength, 50-fs pulses at a repetition rate of 1 kHz. This pulse train was frequency-doubled to a center wavelength of 400 nm using a 0.5 mm-thick BBO crystal. The second harmonic pulse width exiting the crystal was less than 200 fs. These laser pulses were loosely focused with a plano-convex lens to achieve an average fluence of 10 kJ/m2 at the surface of a silicon wafer fastened to the inside of a 10-mm deep cuvette filled with deionized water. The cuvette was mounted on a computer-controlled two-axis translation stage and rastered at an appropriate speed such that each point on the silicon wafer was subjected to approximately 500 pulses. A schematic of the process is shown in Figure 1. 



To render the surfaces SERS-active, we thermally evaporate silver onto the nanostructured silicon. The thickness of the silver is 80 nm, as measured on an unprocessed region of the sample. The deposition is performed at a rate of 0.15 nm/s, with no heating or cooling applied to the substrate. The resulting substrate surface comprises a quasi-ordered array of cones with an average period of 500 nm, determined by taking a fast Fourier transform of a scanning electron microscope image of the substrate at moderate magnification. Electron micrographs and the corresponding Fourier analysis of the substrate surface are shown in Figure 2. X-ray photoelectron spectroscopy reveals that the cones produced in this work are covered by a thin layer of SiO2.4 This layer has roughness on the order of tens of nanometers


4,5 ADDIN EN.CITE  and enables a unique thin film deposition process that is responsible for the SERS properties observed in these samples. The rough surface acts as a physical catalyst for silver particle formation by enabling a reduction of the silver/SiO2 interfacial surface energy during the deposition process.6 Instead of the smooth continuous film that results during metal film deposition on flat surfaces, we observe discontinuous, particulate film deposition on the nanostructured silicon substrates. Even at a thickness of 80 nm, as shown in Figure 2, the deposited silver does not form a continuous film, but rather a collection of aggregated nanoparticles; an architecture which is generally accepted to greatly enhance Raman signals from molecules nearby or adsorbed to the surface.
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Figure 2. Scanning electron microscope images of the nanostructured substrate coated with 80 nm of silver. (a) Normal and (b) side (45°) views.  Inset (a): FFT of the normal view of the surface. The ring corresponds to the peak intensity of the FFT, indicating a peak in the spatial periodicity of 500 nm.
To probe the uniformity and reproducibility of the substrate, we measured the SERS intensity from a self-assembled monolayer of benzenethiol over a large area of the substrate.  The micro-Raman measurement sytem is comprised of a HeNe laser emitting at 632.8 nm, which is coupled to a 0.25 numerical aperture (NA) microscope objective. We created a map of the substrate using the integrated intensity of the 1572 cm-1 Raman band of benzenethiol. The greatest deviation from the point of maximum signal is -4.3 dB, with a standard deviation of 0.125 (map intensity normalized to its mean). This uniformity is reproducible from substrate to substrate, as demonstrated by the SERS signal intensities from 42 different samples. Using the same experimental setup, a single Raman spectrum was taken from a randomly chosen location on each 4 mm2 sample. The integrated intensity of the 1572 cm-1 band in these 42 spectra has a standard deviation of 0.129 (distribution normalized to its mean). Histograms of the intensities of both the SERS map and the 42 individual samples are shown in Figure 3. An F-test of the standard deviations of the two distributions indicates that their difference is not statistically significant (p = 0.88). 


Figure 3. (a) Raman map of a 500 (m x 600 (m area of a substrate with an 80 nm silver film. The map is obtained from the integrated intensity of the 1572 cm-1 band of a benzenethiol self-assembled monolayer adsorbed on the substrate. Each point in the map was taken using 5 mW 632.8 nm excitation with a 0.5 s integration time. (b) Histogram of the intensity from the map shown in panel a. (c) Histogram of the SERS intensities recorded from randomly chosen locations on 42 different 4 mm2 samples using 1 s integration times.
The Raman scattering cross-section enhancement factor (EF) for the substrate is determined from EF = (ISERS/INeat)(NNeat/NSERS), where ISERS and INeat are the integrated intensities of a specific Raman band, normalized to the incident laser photon flux for the cases of the SERS substrate with the SAM applied and the neat molecular dye, respectively. Proper enhancement factor calculations must also account for the number of probed molecules, NSERS and NNeat, in each sample. For NSERS, the benzenethiol SAM density (6.8 x 1014cm-2) and the laser spot size give an estimate of the maximum number of molecules on a planar surface that can contribute to the SERS signal.11 However, the surface of the substrates is not planar, and the effective benzenethiol SAM density must be adjusted by a surface area enhancement factor, which takes into account the morphology of the substrates. The surface is modeled as a quasi-ordered array of cones12 covered with a layer of spherical silver particles, whose total cross-sectional area is equivalent to the surface area of the cones. This geometrical model results in a surface area enhancement of approximately 10.2 While this may be an overestimate of the surface area enhancement factor, we prefer to underestimate the actual average SERS enhancement factor of the substrate. We have attempted to experimentally determine the surface area enhancement of the substrate using Auger electron energy loss spectroscopy, Brunauer-Emmett-Teller Argon adsorption measurements, and ultraviolet confocal microscope profiling, but all of these techniques have problems that result in measurements with large error in the area enhancement factor. The number of probed molecules in the unenhanced sample of neat benzenethiol, NNeat, is approximated using the molecular weight and density of benzenethiol and the effective interaction volume of the Gaussian laser beam with the neat benzenethiol sample. The confocal nature of the micro-Raman spectrometer is incorporated in the determination of NNeat by accounting for the axial collection efficiency of the microscope, which was rigorously measured using standard procedures.


13,14 ADDIN EN.CITE  The average Raman cross-section enhancement factor measured in this fashion at 632.8 nm and at 785 nm is 2x107 and 1x106, respectively. Spectra taken to calculate these values are shown in Figure 4.


Figure 4. Raman spectra of benzenethiol taken with (a) 5 mW 632.8 nm excitation, and (b) 10 mW 785 nm excitation. The SERS spectra (black) in both panels a and b were taken from a SAM adsorbed on a substrate with an 80 nm silver film applied. The corresponding unenhanced Raman spectra (red) of neat benzenethiol are shown for comparison. All spectra were recorded with an integration time of 1 second.  The Raman cross-section enhancement factors at 632.8 nm and at 785 nm is 2x107 and 1x106, respectively.

HOT SPOT ISOLATION

Although the average SERS enhancement factor for femtosecond laser-nanostructured substrates is in the range of 106–107, it has been shown that macroscopic SERS substrates exhibit a large distribution of microscopic site enhancements.1 It is expected that the substrate used here also exhibits a similar distribution. For applications in trace detection using SERS for which there is a sub-monolayer of adsorbed analyte molecules, it is critical that the molecules reside in sites of large Raman enhancement (hot spots).  In order to ensure molecular adsorption to sites of hot spots, it is necessary to either fabricate a substrate consisting solely of hot spots, or prevent molecular adsorption to the sites of weak enhancement (cold spots).  In this section, we describe a nonlinear optical technique to cover cold spots and selectively uncover hot spots, enabling improvement of SERS signal intensity from a sub-monolayer of benzenethiol molecules by more than an order of magnitude. 

This hot spot isolation (HSI) process is depicted in Figure 5. To cover the cold spots on the substrate, we use a commercial positive-tone photoresist, as benzenethiol has a low binding affinity to polymeric-type materials. The photoresist (Shipley S1805, MicroChem) is diluted 10:1 into a propylene glycol methyl ether acetate resist thinner (Shipley Thinner-P, MicroChem) and spun onto the substrate at 3000 rpm for 1 min. On a flat silver-coated silicon wafer, this spin speed corresponds to a 30-nm thick layer after a soft bake (120(C, 1 min). Because of the high aspect ratio of the nanostructured surface, it is difficult to get an accurate measurement of the resist thickness on the active area of the substrate. We use galvanometric scan mirrors to subject each point on the substrate to one hundred pulses from a regeneratively-amplified titanium:sapphire femtosecond laser system (Coherent RegA 9050, ( = 60 fs, ((center= 795 nm, 100-kHz repetition rate). The laser pulses are focused by a telecentric scan lens placed after the scan mirrors to achieve fluences at the substrate in the range of 0--400 J/m2.  After fs-laser exposure, a commercial aqueous alkaline developer (Shipley CD-30, MicroChem) is used to remove the exposed photoresist covering the hot spots.


Figure 5. Hot spot isolation (HSI) process: (1) Diluted positive-tone photoresist is spin-coated onto a SERS substrate to cover the surface. (2) A femtosecond laser pulse train is scanned over the surface, selectively exposing the photoresist covering electromagnetic hot spots. (3) The photoresist is developed and the SERS hot spots are uncovered.

To test the improvement of trace detection due to the HSI process, we dosed both an unprocessed SERS substrate and HSI-processed substrates processed at various exposure fluences with a sub-monolayer of benzenethiol molecules. Benzenethiol has a large non-resonant Raman cross-section, and a strong binding affinity to silver. To ensure sub-monolayer analyte coverage, we incubated each of the substrates in 4 mL of a 1-pM concentration solution of benzenethiol in ethanol (4 femtomoles of benzenethiol) for 24 hours. Considering the dimensions of the substrate and the packing density of benzenethiol on a silver surface,11 this dosage (2.4x109 molecules) represents a surface adsorption site coverage of approximately 0.001% on the unprocessed sample. We performed micro-Raman spectroscopy on all substrates using 12 mW of 785-nm excitation through a 0.40-NA microscope objective with an integration time of 30 seconds. We measured the full width at half maximum of the 785-nm laser spot to be 4.2 ((m. For each sample we measured the integrated signal-to-baseline intensity of the 998-cm-1 ring-breathing mode of benzenethiol at 10 random locations. The average integrated intensity of the 998-cm-1 ring-breathing mode of benzenethiol from these spectra is shown in Figure 6. The unprocessed sample's average integrated intensity is plotted as a dashed line, with the gray area representing the standard deviation of the distribution. We find that exposure of the photoresist using a fluence of 200 J/m2 improves the signal intensity relative to the unprocessed substrate by a factor of 27. To illustrate this improvement, averaged spectra obtained from the sample processed at 200 J/m2 and the unprocessed sample are shown in Figure 7.


Figure 6. SERS signal as a function of exposure fluence. The average signal from the unprocessed sample is represented as the dashed line, with the standard deviations represented by the gray area.  Error bars for the first 3 samples are smaller than the data marker. All data points are obtained by integrating the intensity of the 998 cm-1 Raman band of benzenethiol recorded at 10 random locations on each substrate. The signal from the sample processed using an exposure fluence of 200 J/m2 is 27 times larger than that of the unprocessed sample.


Figure 7. Comparison of Raman spectra from HSI-processed and unprocessed samples incubated with 4 femtomoles of benzenethiol. Each trace is the average of 10 spectra taken from the 200 J/m2 and unprocessed sample.  No baseline correction is applied to either spectrum; the background in the HSI spectrum is due to C-H vibrations in the undeveloped photoresist.

Qualitatively, the trend of the data shown in Figure 6 can be understood as follows. A resist covered sample that has not been exposed to fs-laser pulses exhibits no discernible benzenethiol SERS signal; the molecules are unable to adsorb to the silver surface covered by the photoresist. At low fluences, not enough hot spots are uncovered to generate large signals. At intermediate fluences, we record large improvements in signal relative to the unprocessed sample. Finally, at high fluence values, the photoresist covering areas of weaker enhancement is also exposed and the signal improvement declines, with signal levels approaching those of the unprocessed sample. 

Given that our photoresist is optimized for G-line exposure (436 nm) and that our exposure laser wavelength is 795 nm, we attribute the selective photoresist exposure to multiphoton-induced luminescence from an interband electronic transition in silver.15 The overlap of the silver luminescence spectrum and the absorption band of the photoresist enables its exposure. This spectral overlap is shown in Figure 8. We rule out that harmonic generation at hot spots plays a significant role in the HSI process as the spectrum of the scattered light in our experiment shows that luminescence from the silver is orders of magnitude more intense. Additionally, previous studies of polymerization using ultrafast optical excitation of metallic nanoparticle aggregates have ruled out field-enhanced multiphoton absorption in the photoresist as a dominant exposure mechanism.16 Finally, we conclude that this effect is both intensity-dependent and non-thermal in nature, as no HSI is observed if the process is performed using comparable continuous-wave excitation. For these reasons, we attribute the selective exposure of the photoresist to multiphoton-induced luminescence, which is expected to be greatest near hot spots, due to its intensity-dependent nature. 


Figure 8. (black) Multiphoton-induced luminescence spectrum of silver and (red) absorptance spectrum of Shipley 1805 photoresist. The significant overlap of these two spectra enable the selective exposure of the photoresist at the SERS hot spots, where the luminescence is most intense.

Several factors influence the improvement obtained with the HSI process. Firstly, the spatial distribution of hot spots in metallic nanoparticle aggregates depends strongly on the excitation frequency.17,18 Therefore, the Raman excitation wavelength should be chosen to match the femtosecond exposure wavelength. In this work, the femtosecond pulses are centered at 795 nm, with a full width at half maximum of 30 nm. The Raman excitation wavelength of 785 nm is within this bandwidth, allowing excitation of the same hot spots that were isolated by the femtosecond pulses.  This overlap is illustrated in Figure 9. To confirm the need to match the Raman wavelength to the femtosecond exposure wavelength, we probed the same HSI-processed and unprocessed substrates using 632.8-nm excitation. At 632.8 nm, the maximum HSI improvement over the unprocessed substrate is reduced to a factor of 4. In addition, it is possible that the bandwidth mismatch between the fs-laser pulses and the CW Raman excitation also degrades the performance of the HSI process. This aspect of the process is being currently being explored in other experiments. Secondly, the finite resolution of the photoresist influences the HSI performance. The most intense SERS hot spots are often of single or sub-nanometer dimension19, which is less than the current resolution of most photoresists. This finite resolution causes regions of the surface larger than the hot spots to be exposed during HSI, resulting in analyte adsorption both in and around hot spots. This lack of localization of the analyte adsorption and the range of enhancements associated with different hot spots1 explain the large variance in the data points in Figure 6 at intermediate exposure fluences. Finally, the HSI process is useful only for sub-monolayer analyte coverages. Only when there are too few molecules to cover all surface sites on a SERS substrate does the HSI process provide an improvement over an unprocessed substrate.


Figure 9. (black) 60-fs exposure pulse spectrum and (red) continuous-wave Raman excitation spectrum.  The overlap of these two spectra is critical for the optimum performance of the HSI process.

CONCLUSION

We have presented a simple two-step process for fabricating silicon-based SERS substrates. These substrates exhibit large and uniform Raman scattering cross-section enhancement factors over macroscopic areas, and across visible and near-infrared excitation wavelengths. The excellent spatial uniformity, large SERS enhancement, and simple fabrication make these substrates attractive candidates for use in large-area trace detection schemes using Raman spectroscopy. Further, we have presented a method for improving trace detection, by physically isolating the electromagnetic hot spots on these substrates. We have demonstrated this technique’s effectiveness using one type of substrate only, but the HSI process can be applied to other metallic SERS substrates as well, as most noble metals generate broad multiphoton luminescence.20 Theoretically, we predict even better hot spot isolation using photoresists with absorption spectra that are confined to the ultraviolet spectral region. Such photoresists would be exposed directly by surface-enhanced multiphoton absorption21, producing more anisotropic exposure at the hot spots and minimizing the surrounding area that is uncovered during the HSI process. Further optimization of the HSI process in this fashion could eventually lead to substrates where every available molecular adsorption site has sufficient enhancement to generate single-molecule SERS.
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Figure 1. Schematic of the femtosecond laser-nanostructuring process. 50-fs, 800-nm center wavelength laser pulses are frequency doubled by a thin BBO crystal, and the resulting 400-nm radiation is focused onto a silicon wafer immersed in a cuvette of water. The sample is translated to create macroscopic areas of the nanostructured surface.





