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Surface-enhanced Raman scattering from ordered Ag nanocluster arrays
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We have examined the effect of ordered silver nanocluster substrates on the surface-enhanced
Raman spectrum of rhodamine §B6G). Triangular shaped silver nanocluster arrays with order on

the ~100 um range were prepared using nanosphere lithography. Direct comparisons of R6G
surface-enhanced Raman spectroscpgRS signals between ordered nanocluster regions and
amorphous Ag regions prepared under identical deposition conditions provide strong evidence of an
electromagnetic field enhancement attributed to the unique nanocluster morphology. We have
obtained order of magnitude enhancement factors for both 200 and 90 nm Ag nanocluster SERS
substrates relative to Ag films. @004 American Institute of Physic$DOI: 10.1063/1.1799992

I. INTRODUCTION Il. EXPERIMENT

Metallic nanoclusters have received considerable atten- White latex(polystyreng nanosphere®00 and 400 nm
tion due to their potential in optical sensihd, with negatively charged carboxylate ligands aad wt % (in
optoelectronics;* and catalysis:® Metal-based nanomateri- H,0) were obtained from Interfacial Dynamics Corp. and
als have also found application in the field of surface-used without further purification. For deposition of both the
enhanced Raman spectroscd®ERS.”® For over 20 years 900 and 400 nm spheres, stock solutions were diluted to
it has been known that a rough metal surface of Ag or Au camoughly 2 wt%. A 2ul aliquot was drop cast onto a treated
enhance the electric field in resonance with surface plasmorglass surface. Prior to deposition, glass substi@sser no.
by several orders of magnitude. This field enhancement ha®) were immersed in Piranh@:1; H,S0O,:H,0,) for 15-20
led to the detection of Raman scattering from molecules admin, rinsed with HO, sonicated in RCA (5:1:1;
sorbed to the metal films with sensitivity approaching that ofH,0:NH,OH:H,0,) for 40 min, and then rinsed again with
molecular fluorescence. Theory predicts that the field enH,O. The substrate is dried with,Noetween steps. Bullen
hancement can become extremely large in the region nearand Garrett have shown that the area of the ordered mono-
sharp metallic point or in the region between two small metalayer regions often increases with angle depositfolive
spheres which are often referred to as “hot spots” in thehave achieved the largest areas of orleBO0X300 um?)
film.%~? Recent experiments have demonstrated that thedey drop casting the colloidal droplet onto a substrate held at
hot spots can lead to extremely sensitive Raman spectros-10° angle. The area of ordered monolayer regions of nano-
copy with a detection limit of a single molecul&.*® spheres is monitored using reflectance microscopy and

While numerous groups have successfully detected inatomic force microscopyAFM).
creased SERS signals by modifying the deposition param- After successful formation of monolayer regions
eters of metal films in order to increase the concentration ofamples are inverted and placed in a vacuum deposition
hot spots, there have been few efforts in fabricating SER&hamber. Silver deposition is performed normal to the sur-
substrates using lithograph$:*8 It would be advantageous face at 10°—10 ®torr with a resistively heated tungsten
to exploit the large fields such as those generated by sharfilament. From earlier SERS experiments done on Ag films,
fractallike structures, if these features could be prepared in we determined that suitably rough films resulted from evapo-
controlled, reproducible manner over large ar€s8. ration at a rate of~1 A/s. Film thicknesses vary with the

In this report we have used the simple, yet elegant techparticular application, but the experiments herein were per-
nique of nanosphere lithography pioneered by Van Duyndéormed on~10 nm films. In each sample, a portion of the
and co-workers to generate large arrays of ordered, shaiglide was kept clear of nanospheres in order to produce a
triangular Ag nanoclusters in order to enhance electric fieldsegion of pure Ag film. After metal evaporation, the nano-
at the nanocluster verticés.?® These metal nanostructures spheres were removed by sonication in 100% ethanol for 3
were then used as the SERS substrate and the Raman spectra.
of rhodamine 6G molecules adsorbed to these nanoclusters Nanocluster arrays were imaged using Digital Instru-
were acquired. The SERS enhancement for the nanoclustensents D3000 and D3001 atomic force microscopes in tap-
was then compared directly with the enhancement fronping mode. Ordered regions were first located using the
neighboring amorphous Ag regions with identical surfacewhite light camera mounted on the scanning stage. Samples
roughness. On average, we show that the SERS signal invere typically imaged at a scan rate of 0.5 Hz with X256
creases by an order of magnitude relative to that of the Adines/image. The root-mean-squaréens) roughness, de-
films when the spectra are taken in the triangular nanoclustdimed as the variation in the height of the silver grains of each
regions. nanotriangle, was determined from the AFM image for a
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FIG. 2. 1X1 um? AFM images of a 90 nm nanocluster region and a neigh-
boring “amorphous” Ag region where SERS comparisons were taken from
showing the identical surface roughness.

asymmetric dislocations separate ordered nanocluster regions
on a 10-50um scale. Linear, misfit dislocations also sepa-
_ rate approximately every 5—10 rows of nanoclusters. These

FIG. 1. AFM images of~200 nm clusters made from 900 nm polystyrene defect It f h that t letelv cl
spheres. Imagéa) is a 4040 um? with the 2D FT shown in the inset. A erects resuft irom nanosp ere; at are not completely close
5x5 um? image illustrating a single nanosphere vacancy is showbin ~ Packed. As a result, the metal is able to penetrate between
and a 506500 nnf image of a single pair of nanoclusters is showrfdn adjacent spheres and produce a continuous line of metal.
A 3D rendering of a single cluster demonstrating the faceted surface isl'hese features represent only a few percent of the surface
shown in(d). .

@ and are observed for all hanosphere masks. Single nano-
sphere vacancies are also observed in Figs.dnd Xb) and

statistical samplé>100) of nanoclusters and compared to are characterized by the small, white star shapes in the im-
the rms roughness of a silver film. This provides a direct?9€- _ _ _
comparison of the silver grain size within a silver nanopar-  Figure 1b) shows a %5 pm? image displaying the .
ticle with the grain size within a silver film. crisp, well-resolved edges .of the hexagonally packed tri-

All SERS measurements were performed with an uprighfngles and also shows a single star-shaped nanosphere va-
confocal microscope. The 488 nm line of an argon ion lasef@ncy. The bright spots in the center of each circular void
was attenuated to-600 uW (Spectra Physics 2010sent to ~ region are due to residual metal that falls off the nanospheres
a 1.25 NA oil immersion objectivéZeis9 and focused to a during the sonication process and then sticks to hydrophobic
spot size 0f~300 nm. SERS spectra were obtained using 4€9i0ns containing nanosphere residue. These can be re-
0.27 m Spectrometer with a 1200 line/mm grating and a |iqmoved from the substrate USing nOﬂpOlar solvents. Figure
uid N, cooled charge-coupled devi¢Brinceton. Indepen-  1(C) is @ 500<500 nnf image of a single pair of triangular
dent experiments of SERS on 60-100 A Ag films in ournanoclusters. The individual nanoclusters are characterized
group show that electromagnetic hot spots are completel§y sharp triangular edges and have a rough internal structure
saturated above 25@M R6G concentration. To alleviate dye Identical to the amorphous Ag filiisee Fig. 2 The distance
heterogeneity/adsorption issues, samples were made by dré closest approach between neighboring nanoclusters pre-
casting 1ul of a 1 mM R6G aliquot to saturate the entire Pared from 900 nm spheres is between 50 and 70 nm. At this
metallic region, which includes the areas of pure Ag film. distance, theory predicts negligible coupling between adja-
cent nanoclustersFigure 1d) shows a 3D rendering of a
single nanocluster from Fig.(d). The surface is faceted and
resembles a truncated tetrahedron as expécted.

Topography images of ordered Ag nanostructure arrays Surface-enhanced Raman experiments performed on
prepared by nanosphere lithography are shown in Fig. 1. Theanocluster arrays such as those shown in Fig. 1 have two
triangular clusters shown in Figs(al-1(d) were prepared potential electric field enhancement mechanisris: en-
from a mask of 900 nm spheres, which results in a clustehancement due to the surface roughness analogous to an Ag
size of ~200 nm. The image shown in Fig(d) is from a  film and (ii) enhancement due to the nanocluster size and
40x40 um? scan, close to the scan size limit permitted by shape(particularly the sharp points of the trianglek order
the AFM scanning head. The inset of Figallshows a two- to separate these enhancement effects, both triangular Ag
dimensional(2D) Fourier transform of the 4040 um? im-  clusters and amorphous Ag film regions were produced on
age and indicates the degree of order achieved. A number ¢fie same substrate. A comparison of these two regions is
interesting features are evident in the image of Fig).1 presented in Fig. 2. In Fig. 2,41 um? AFM images were
First, all bright regions indicate the presence of metal. Thaaken of triangular 90 nm clusters produced from a mask of
majority of the bright features shown in the ¥80 um? 400 nm sphereiFig. 2a)], and a neighboring amorphous Ag
image are the triangular Ag nanoclusters expected from th&lm region [Fig. 2(b)]. The rms roughness within the nano-
nanosphere mask.In addition to these triangular features, clusters and in the Ag film are identical and equaktb nm
characteristic defects are also observed. Continuous jaggeans. For all of our nanoparticle and amorphous film samples

IIl. RESULTS AND CONCLUSIONS

Downloaded 19 Nov 2004 to 128.111.246.173. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



J. Chem. Phys., Vol. 121, No. 21, 1 December 2004 Surface enhanced Raman scattering from Ag nanocluster arrays 10659

120 tant to note that the amount of Ag within the beam spot is
—~100 different for each case. Assuming a beam waist of 300 nm,
3 80 only one nanocluster is in the field of view on average for the
E‘ 60 200 nm clusters, which amounts 1633% of the metal illu-

2 minated in the Ag film. Accounting for this difference the
o 40
€ true enhancement factor of the Ag nanoclusters over the Ag
20 film is a factor of 9, rather than 3 as determined from the data
0 in Fig. 3. A similar calculation for the 90 nm clusters results
600 800 1000 1200 1400 1600 1800 in an average of three nanoclusters in one beam spot and a
Raman Shift (cm’™") true enhancement factor of roughly 13.

FIG. 3. SERS enhancement achieved from R6G adsorbed on ordered 200 In summary, we have shown that SERS of R6G on or-
nm Ag nanocluster regiongray tracg in comparison with amorphous Ag dered 200 and 90 nm Ag nanoclusters prepared by nano-
“film” regions (black trace within the same sample. The signal increase is sphere lithography show an order-of-magnitude enhance-
—3x. ment relative to amorphous Ag filmgneasured to be of the
order of 16 in our experiments The direct comparisons of
fabricated simultaneously we observed identical rms roughSERS intensities with neighboring amorphous Ag regions
ness for the nanoclusters and the silver film. Thus, SER®rovide strong evidence for large local electromagnetic fields
signals obtained from molecules adsorbed to each region wilit the corners of the triangular nanoclusters. High spatial
provide a relative comparison of the two enhancement efresolution near-field Raman experiments are currently under-

fects. Any additional field enhancement observed for the Advay to map the electromagnetic fields generated from indi-
nanoclusters in comparison with the Ag film must come fromyidual nanoclusters.
the shape of the cluster rather than the roughness.
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