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1.  INTRODUCTION

Toxic chemicals pose serious risks, whether they are intentional as in chemical warfare, or unintentional results of manufacturing or transportation accidents.  Clearly it is desirable to have robust analytical chemistry methods that can identify the chemical composition of vapors from a safe distance (“stand-off” technology) and/or at great dilution.  On the other hand, if innocuous chemical vapors (taggants) could be introduced into selected surveillance areas, and then detected later, it might be possible to identify hostile forces or activities concealed amongst an indigenous population, as well as enhance security of restricted locations.  Explosives and their precursor chemicals emit characteristic vapors; thus detection of these vapors would assist in locating land mines, roadside bombs, bomb belts, as well as hidden caches of starting materials.  We need instruments that can serve as microscopic “sniffer-dogs” for a wide variety of chemical vapors.  And for taggant applications, we need to select several molecules that represent the optimum combination of dosing and detection characteristics.  

Surface Enhanced Raman Spectroscopy (SERS) is the leading candidate for the job.  When laser light scatters from a metal surface, one photon in a million interacts with the vibrational states of molecules adsorbed on the surface, and the frequency of the scattered photon is shifted accordingly.  Averaged over time, the sum of the shifted photon frequencies (the Raman shift, named after its discoverer) is a vibrational spectrum, similar to an infrared spectrum, of the adsorbed molecule.  Because every molecule has its own unique “fingerprint” spectrum, in principle, the SERS response can identify of any chemical of interest.  With the advent of micro- and imaging-Raman spectroscopic instruments, SERS spectra from single molecules have been published.  Therefore, SERS offers the best combination of sensitivity and selectivity for chemical analysis of the vapor phase adsorbates.

In 1974, it was discovered that the Raman scattering signal of certain compounds could be enhanced by orders of magnitude proximate to metallic surfaces that have been roughened on the scale of tens to hundreds of nanometers.  In the intervening time a great deal of scientific inquiry has gone into the theoretical understanding of the enhancement mechanisms responsible for the observed SERS effect; there has also been a large experimental effort to develop various methods of fabricating so-called SERS-active substrates from silver, gold, and a few other materials, and to find additional compounds whose Raman spectra display the SERS effect.  Enhancements in Raman signatures of 103 -106 are common in the literature and enhancements as great as 1013 have been reported.  Because the Raman signature of every molecular species is unique, it should be possible to track a large number of taggants independently with a single instrument.  The technique has the potential to provide unparalleled sensitivity and selectivity in a system configured for field use, as was recently demonstrated by a research group at Oak Ridge National Laboratory that fabricated a field-portable SERS-based CW agent detector and demonstrated its efficacy against an organophosphate pesticide (1,2).  Also, because the Raman Effect does not constrain the illumination source to certain particular frequencies, the excitation wavelength can be selected for engineering robustness, commercial availability, and affordability.  

Based on current theories and the results of certain landmark experiments, the astounding intensity of SERS spectra is believed to arise from a combination of two mechanisms, which are illustrated in the sequence of Figures 1-3.  Figure 1 illustrates a SERS-active substrate prepared by electrochemical roughening, which yields a random pattern that happens to include some “hot spots” where surface plasmons resonate with the incident radiation – a phenomenon known as Surface Plasmon Resonance (SPR).  As is illustrated in Figure 2, analyte molecules in this enhanced electromagnetic field are subjected to stronger polarizing effects and thereby support Raman scattering with higher efficiency.  Experiments demonstrating SERS enhancements under conditions that were controlled to eliminate the possibility of direct contact between analyte and substrate have lent credence to this concept of electromagnetic enhancement, and based on those experiments and theoretical calculations the SPR is considered to account for the larger component of SERS activity–typically to the order of 103 to106.  A second effect, called chemical enhancement, is suggested for molecules that become adsorbed onto the surface – thereby coupling the molecule’s valence electron charge density with the substrate.  This gives rise to extra bound energy states and presents a greater opportunity for energy coupling with the incident radiation.  This mechanism, which is illustrated in Figure 3, is not as well established, but is supported by experiments demonstrating enhancement on the order of 101 to103 from an analyte adsorbed onto an atomically smooth gold substrate.  The recent review article by Kniepp, et. al., (3) traces the discovery, historical advances in experiment and theory, and current research relating to SERS.  
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Figure 1.  Description of SERS-active substrate prepared by electrochemical 

roughening.  Here, one “hot spot” happens to fall within the area illuminated 

by the laser.
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Figure 2.  Close up of the “hot spot” illustrating electromagnetic enhancement.
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Figure 3.  A closer view of the surface near one of the peaks, where 

adsorption of the analyte facilitates chemical enhancement.  

The SERS effect selectively enhances the Raman spectra of certain molecular species only, and even certain modes of vibration of a given species, and this fact deserves some elaboration.  Operationally, it would be advantageous to have a sensor with preferential sensitivity to the particular compounds or classes of compounds being employed in a taggant application, especially since they must be detected at trace levels against an environmental background that may include higher concentrations of many other compounds.  Furthermore, it is the nature of SERS to utilize small areas of substrate at any one time, so it should be feasible to build a field instrument capable of simultaneously scanning some number of substrates having different SERS activity with respect to the pertinent ensemble of taggants and background compounds.  This suggests that as experimental findings and theoretical understanding accumulate, it might be possible to engineer SERS-active substrates with preferential sensitivity to certain compounds or classes of compounds.  It has already been shown that the enhancement activity of a given SERS substrate toward certain compounds can be modified by coating it with another substance having different adsorption affinities with respect to those analytes (4).

At present, SERS systems have seen little use in practical, field-portable chemical sensor systems, primarily because of issues associated with the reproducibility of SERS-active substrates.  The surface roughness and composition of the sensor surface are of critical importance in obtaining the SERS effect.  Multilevel roughness over the scale of ten to a few hundred nanometers is required, and the effect has only been observed on a select group of substrates, mainly certain metals.  Over the past 25 years the general approach to preparing these surfaces has been empirical, with laboratory processes developed to produce surfaces for SERS spectra of analytes of interest.  Historically, the first SERS-active substrates were electrochemically-roughened silver electrodes, which strongly enhanced the Raman spectrum of pyridine dissolved in water.  Colloidal gold and silver particles suspended in a solution containing certain analytes have proved to be good SERS-active substrates.  More recently, groups have succeeded in fabricating SERS-active substrates by depositing silver or gold films over polystyrene nanospheres, lithography, self-assembling nanostructures, and other methods.  
However, there are no SERS substrates available commercially, and laboratory preparations are notoriously irreproducible.  Thus, we have been developing methods to manufacture environmentally stable, sensitive, and reproducible SERS substrates.  We chose gold as the substrate material for three reasons: (1) resistance to the environment, (2) its well-known SERS activity, both as colloidal deposits and as electrochemically roughened plates, and (3) our experience with gold thiol chemistry and self-assembling monolayers (SAMs) on gold.  Here we report our results on three different methods to prepare gold SERS substrates: (1) Electrochemical roughening, (2) Porous gold, and (3) Nanofabrication. 

2.  EXPERIMENTAL MATERIALS AND METHODS

2.1  Surface Tailoring of Nano-structured Gold SERS Substrates

Electrochemical roughening:  2” silicon wafers were coated with ~500nm of thermally evaporated gold on top of a 12nm chromium adhesion layer.  One half wafer was submerged in 0.1N KCl solution in a beaker with a platinum counter-electrode and a Ag/AgCl reference electrode (Figure 4).  We varied the number and duration of cycles from -0.3 to +1.2V using a VoltaLab PGZ100 system to produce various degrees of roughness.  

Porous gold:  A homemade vacuum chamber fitted with an ion argon gun, illustrated in Figure 5 was used to sputter-deposit 70Ag/30Au alloy films on silicon wafers coated with Cr/Au, as above.  Several wafers with nominal alloy film thicknesses from 100nm to 500nm were prepared.  These wafers were submerged in concentrated nitric acid for various times in order to produce a homologous porous gold series with pore sizes varying from 10nm to 100nm.  

Electron-beam nanolithography:  Figure 6 illustrates the sequence of steps in our nanofabrication process.  About 100nm thick PMMA resist layers were spun on silicon wafers.  
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Figure 4.  Electro-chemical roughening 
Figure 5.  Sputter deposition of silver/gold alloy 

process. 




    films for making porous gold substrates.
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Figure 6.  Nano-fabrication process for construction of SERS substrates.  
2.2  Analysis and Testing of SERS Substrates

In order to evaluate the enhancement factor, para-nitrobenzene thiol (PNBT) self-assembled monolayers (SAMs) were formed on freshly-prepared SERS substrates by 24-hour incubation in one millimolar PNBT solutions in absolute ethanol.  After removal from the PNBT solution, the substrates were copiously rinsed with absolute ethanol, and then blown dry with, and stored under nitrogen in the dark.  This procedure produces a single, well-packed monolayer of PNBT, chemically bonded to the substrate through formation of gold thiolate, and the nitrobenzene group has a high Raman cross-section.  Methods in the literature for estimating SERS enhancement factors usually rely upon physically adsorbed dye molecules with very high Raman cross-sections such as Rhodamine 6G (Rh6G).  No rinsing can be performed on such substrates because all the dye will wash off.  Thus, the dye layers are likely to be very non-uniform, and the high enhancement factors reported could be due to agglomerations of dye (i.e. a bulk sample).      

Ellipsometry was routinely performed with a Gaertner AutoEl-II after each step in both the Electrochemical and the Porous processes.  The change in the value of Delta (deltaDelta) was taken to be proportional to surface roughness for the Electrochemical process.  A Digital Instruments Nanoscope IIIa atomic force microscopy (AFM) was used to obtain 3D views of the substrates at high magnification as well as to quantify surface roughness.  Complimentary high magnification images of the SERS substrates were obtained with a JEOL 6700F field emission scanning electron microscope (FE-SEM), from which average pore sizes were determined for Porous gold substrates.  Kratos Axis 165 Ultra x-ray photoelectron spectrometer (XPS) was used to determine the chemical composition and bonding of the top 5nm of the SERS substrates. 

Spectral intensities of para-nitrobenzene thiol self-assembled monolayers deposited on the substrates (from solution or vapor-phase) were used to judge sensitivity, and Raman images were collected in order to identify the size, shape and distribution of “hot spots.” 

3.  RESULTS AND DISCUSSION

3.1  Electrochemical Roughening

In general roughness of our gold electrodes increased as the number of i-V cycles increased.  However, in contrast to the literature on thick gold mirror-electrodes, our 500nm thin films were entirely etched away after 25 cycles.  The point of diminishing returns was about 10 cycles.

An AFM views of typical ‘Echem’ SERS substrates are shown in Figure 7.  The digital xyz data are integrated over the entire field of view to obtain the root-mean-square (RMS) roughness of that area.  We averaged the RMS roughness of five different locations and at two magnifications for many different Echem treatments.  We found a linear correlation between the roughness value for 5x5 micrometer areas, but not for 500x500 nanometer areas. 

Assuming that a monolayer of PNBT covers each substrate uniformly, the area under the two most prominent Raman peaks of PNBT (1550 cm-1 and 1370 cm-1) was used as a measure of the relative enhancement factor for each substrate.  Figure 8 shows the relevant region of the Raman spectrum for the bulk PNBT control and several Echem-roughened substrates.  In Figure 9, the Raman peak area is plotted against two measures of roughness, and there is a direct linear relationship in both cases.  Clearly the polarized laser light is interacting with the same surface features that dominate the roughness on the micrometer scale.   

Vapor adsorption and detection of PNBT on a SERS substrate was demonstrated by placing a few milligrams of PNBT powder on one end of a glass microscope slide and a SERS substrate on the other end of the slide, and then covering the slide with an inverted beaker.  In a few hours, a strong PNBT Raman spectrum was obtained from the substrate.  

                   
[image: image3]
                   Figure 7.  Atomic force microscope image of an electro-chemically

                   roughened SERS substrate.  
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               Figure 8.  Raman image and spectrum of an electro-chemically roughened SERS 

               substrate with a mono-layer of PNBT.  
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Figure 9.  Raman intensity versus roughness.

3.2  Porous gold

FESEM was used to collect high-magnification images of our porous gold SERS substrates.  We discovered that the pore- and feature-size and shape depends upon both the thickness of the original alloy thin films, and the time of etching in concentrated nitric acid.  This provided a means for structural control in the 10nm to 100nm range of sizes.  Three typical porous gold SERS substrates obtained in this manner are shown in Figure 10.  It is readily apparent that features are relatively uniform in each case, and that pore size and shape are similar to the gold ligament size and shape.  Because electric field strength increases as the distance between metallic conductors decreases, we used the shorter dimension of the pores as the ‘pore size.’  A linear relationship was found between SERS Intensity and pore size of Porous gold SERS substrates (Figure 11).  This result is opposite from the theoretical prediction, indicating that unidentified confounding factors are dictating the outcome. 

By performing XPS analysis on the SERS substrates, we discovered that composition and bonding of the overlayer differed substantially between Echem and Porous gold SERS substrates.  This is illustrated in Table 1, which compares atomic ratios and the relative concentrations of key functional groups.  While there are some changes from the ideal PNBT data in the Echem cases, clearly the Porous gold substrates all show significant new chemical species are on the substrate.  Even in the case of the flat gold control substrate, a significant conversion of the nitro-group to the amine-group has taken place during two months storage.  Also, some ester-like carbon functional group appears on this sample.  However, oxidation of thiol-sulfur to sulfate-sulfur only occurs on Porous gold, and the amount of new carbon species is much greater.  It is tempting to conclude that Porous gold is catalytic for certain reactions of PNBT.
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Figure 10.  SEM images of typical porous gold substrates with different pore sizes.
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Figure 11.  Relationship between SERS Intensity and pore size of Porous gold SERS substrates.  factors are dictating the outcome. 

TABLE 1. 

XPS Curve-Fitting Analysis of Functional Groups on Typical SERS Substrates 

 Process
NO2
NH2
COO
SO3
SH

PNBT
100
0
0
0
100








Echem 1
100
0
0
15
85

Echem 2
100
0
0
0
100

Echem 3
60
40
5
0
100








Porous 1
0
100
20
67
33

Porous 2
30
70
10
20
75

Porous 3
20
80
15
60
40

Porous 4
0
100
15
50
50

3.3  Electron-Beam Nanolithography
Efforts to develop lines in ZEP and PMMA resists, and then etch channels into gold substrates were not successful.  However we were able to develop a close-spaced pattern of circles in PMMA, deposit 55nm-high Cr/Au posts, and remove excess metal and resist via the lift-off technique.  Figure 12 shows FESEM views of four typical patterns in which the inter-column distance was changed by integral multiples of the column diameter.  AFM (Figure 13) reveals that the top of each column is not flat, but rather has a ‘tooth-like’ topography, which might provide more hot spots in addition to those we have engineered between columns.  We expect to complete the SERS experiments on these substrates during June or July 2004.  

[image: image14.png]| view angle
X% light angle

4 pu X 1.000 pm/div
Z 70.000 nm/div



[image: image15.jpg]


[image: image16.bmp][image: image17.bmp]                                                                                [image: image8.jpg]Digital Instruments NanoScope

Scan size 1.000 pm
Scan rate 0.7978 Hz
Number of samples 256
Image Data Height
Data scale 100.00 nm

view angle

%ig Tight angle

X 0.200 um/div
z 100.000 nm/div

ddausm2b. 008




Figure 12.  FESEM images of four column 
Figure 13.  AFM image of a column pattern 

patterns made by E-beam nano-lithography. 
made by E-beam nano-lithography.

4.  SUMMARY AND CONCLUSIONS

SERS substrates were prepared by three different processes: Electrochemical roughening, Porous gold, and Electron-beam Nanolithography.  Self-assembled mono-layers (SAMs) of para-nitrobenzene thiol (PNBT) deposited from dilute ethanol solutions served as marker molecules for ranking enhancement factors of the different substrates. 

For the Echem process, SERS intensity was found to be directly proportional to surface roughness as measured either by AFM or ellipsometry.  This indicates that the “antenna effect” is the dominant enhancement mechanism; i.e. the hot spots correspond to locations where there are very small radii of curvature of the gold structures.  However, the possibility that increased roughness reflects the creation of narrow crevices cannot be ruled out.  Vapor phase adsorption and SERS detection of aromatic thiols was demonstrated.

Based on the literature, which predicts enhancement of electromagnetic field strength to increase rapidly as the distance between conducting elements decreases, we anticipated that SERS intensity would increase for porous gold substrates as the pore size decreased.  But experimentally, we found the opposite to be the case.  XPS analysis showed that significant compositional changes take place on porous gold substrates.  Thus we tentatively conclude that porous gold has some type of catalytic activity that led to the degradation of our marker PNBT molecule, and thereby diminished the SERS intensity.  Surface area (and number of catalytic sites) increases as pore size decreases, which might explain why SERS intensity decreases as pore size decreases.

Nanofabrication with the lift-off technique clearly produced the most uniform distribution of surface features.  Evaluation of the SERS response of nanofabricated substrates is in progress.  We have demonstrated the ability to synthesize SERS substrates by three different techniques.  Linear relationships discovered between process variables, surface structure and SERS response will allow us to develop reproducible manufacturing processes.  
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