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Hunting for the Active Sites of Surface-Enhanced Raman Scattering: A New Strategy
Based on Single Silver Particles
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Three major findings are reported here. First, a new technique based on lithographic modification with a
scanning tunneling microscope (STM) has been developed for fabricating single Ag particles on atomically
flat Au(111) surfaces. Second, surface-enhanced Raman scattering (SERS) from one isolated Ag particle
has been observed and quantified for the first time. The enhancement factor due to one Ag particle of about
1 um diameter is on the order of 40 This factor includes contributions from all forms of chemical
enhancement, which are smaller thar?.1Finally, strong evidence suggests the importance of clusters
containing closely-spaced particles. Extra enhancement due to clusters of randomly distributed Ag particles
is around 18 We believe that the extra enhancement is spatially localized near the gap sites between two
particles in proximity. These gap sites form an important class of SERS-active sites.

Introduction ideal?®> More importantly, in the above two examples, the

h ‘ ling th lati detected SERS signal results from a large number of parti-
We report here a new strategy for revealing the correlation oo thys, interparticle interactions cannot be easily elimi-

between the surface morphology of a SERS substrate and the,ateq or accurately quantified, especially when the spatial
_correspondm_g e_nhancement factpr. _The k(_ay of this strategy yisyripution of a particle ensemble is random. Interparticle
mvolves fabrlcathn and characterization of single A_g nanopar- interactions are more defined in arrays of regularly-spaced
ticles on an atomically flat surface through a combined use of , icles fabricated either by photolithography or by template
three techniques: scanning probe microscopy, electrochemistry,thog7-20 However, the particle density reported so far may
and surface Raman spectroscopy. The new strategy h"_"s alreadyq il too high to completely avoid the effects of interparticle
allowed us to observe SERS from one single Ag particle and jheractions and to isolate the intrinsic enhancement due to
to gain a useful insight into the role of interparticle interactions. ;qiviqual particles.

We belle_ve _that this wor_k pomts_, to a promising new direction Obviously, for mechanistic studies it is desirable to observe
for quantitatively evaluating the importance of various compet- SERS from one single particle. Toward this goal, Van Duyne

g .SERS meghanlsms_ and Haller have developed a SERS micropréis8. How-
Since the discovery of SERS about 20 years 8§many  gyer, the detection efficiency of their PMT/scanning spectrom-
theories have been proposed to explain this phenomenon whichyer setup was inadequate. In addition, at the time of their
involves nearly a million-fold enhancement of the Raman i esigation, techniques for fabricating and characterizing single
scattering cross section for molecules adsorbed on the S”rfaceparticles were neither well-developed nor widely available
ceon . :
of metal nanoparticle¥.® Two major types of enhancement \yg have overcome all of these technical difficulties in this

are now recognized: the long-range electromagnetic (EM) field 4y thus observed SERS from one single particle for the first
enhancemen® and the short-range chemical enhancenfiéht. 4 33

Since the chemical enhancement does not require the presence
of nanoparticles, it can be studied independently using atomi-
cally flat surfaces!12 However, verifying the predictions of

an EM theory has been difficult because it is difficult to fabricate  Chemicals and Materials. Water of 18.2 M2 cm resistivity

Experimental Section

stable and well-defined SERS-active surface morpholég?). (Milli-Q Plus, Millipore) was used in all electrochemical
To solve this problem, several new methods for producing measurementsn-Hexadecanethiol (distilled twice from a 92%
roughened surfaces have been develggedd. For example, product before use), phosphorus tribromide (99%), thiourea

silver-coated latex spheres as well as immobilized monodis- (99+%), and trans-4-stilbenemethanol were obtained from

persed colloidal particles are morphologically more stable than Aldrich Chemical Co. Silica gel (J. T. Baker Inc.) and organic

an electrochemically roughened surfaéés24 solvents of reagent grade or better were used as received.
Although the stability is improved, the above substrates are  Synthesis oftrans-4-Mercaptomethyl Stilbene. trans-4-

still not ideal for probing the SERS mechanisms. For example, Mercaptomethyl stilbenet-¢MMS) was synthesized via a

a silver overlayer on latex spheres has a complex geometrythiouronium intermediate PhGHCHPhCHSH34 Transforma-

which may not be amenable to theoretical modeling. The size tion via the thiolacetate intermediate was also attempted, but

of monodispersed colloidal particles is limited to be less than the yield was lower (10%%

100 nm, and the control of interparticle spacing is far from  trans-4-Bromomethyl Stilbene (1). To a stirred solution of

trans-4-stilbenemethanol (0.43 g, 2 mmol) in @El, (50 mL)

" Present address: Department of Chemistry, University of Rochester, was added phosphorus tribromide (0.32 g, 1.18 mmol) in

Rochester, NY 14627. ;
* Author to whom correspondence should be addressed. E-mail: CH2C|2 (20 mL). After reaction at OC under I for 10 h, .the
sun@chemsun.chem.umn.edu. mixture was quenched by 100 mL of water. The organic layer
€ Abstract published ilAdvance ACS Abstractdanuary 1, 1997. was washed sequentially with 5% NaH&@B0 mL) and brine
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Figure 1. Schematic diagram of the Raman microscopic system.

0.44 g of crude product. Elution on a silica gel column with
n-hexane/chloroform (6:1) yielded 0.43 g (80%)lcds a white C Electrochemical
-1 —
Zosvv(dser.ZHl; NMR (CDClg) 6 7.4—7.5 (m, 9H), 7.1 (d, 2H), L i Deposion of Ag Wi
trans-4-Mercaptomethy! Stilbene (2). A mixture of 1 from ud i) 1)
the above stepz thiourea (0.12 g, 11.6 mmol) in degassed ethar]()':igure 2. Fabrication of single Ag particles for SERS measurements.
(75 mL) was stirred under Nor 9 h atroom temperature. After A self-assembled monolayer (SAM) of hexadecanethiol (open circles
solvent removal, the remaining white solid (a thiouronium salt) with linear tails) on Au(111) was prepared by soaking an Au sample
was refluxed in a degassed solution of NaOH (0.13 g, 3.12 in a 1 mM ethanolic thiol solution for 48 h. The SAM resist was

mmol; 50 mL water) for 5 h. The reaction mixture was cooled patterned via STM lithography and then developed further by electro-
to 0 °C, acidified to pH 2 wih 6 N HCI, extracted with chemical anodization in a solution of 0.1 M ##0, and 0.1 M NaCN

: at 300 mV (vs an Ag/AgCl/3 M NacCl reference electrode) for 10 s.
chloroform (2 x 49 mL), and dried over MgSO Flash After transfer to another electrolyte containing 1 mM AgGEnd 0.1
chromatography (5:In-hexane/chloroform) afforded 0.17 g\ yclo,, a single Ag particle was deposited onto the lithographic

(47%) of 2 as a white solid:*H NMR [(CD3),SO] 6 7.6-7.3 window at 470 mV (vs an Ag/AgCl/saturated-KCl/0.1 M HGIO
(m, 9H), 7.2 (d, 2H), 3.7 (d, 2H), 2.9 (t, 1H); Raman (647.1 reference electrode) for 3 min. The Ag particle was covered with a
nm excitation) 2561 cmt (S—H stretching vibration). SAM of Raman probe (solid filled circles) after soaking in an ethanolic

Surface Raman Spectroscopy. The electrochemical and ~ Solution oft-4MMS for 20 min.

Raman spectroscopic measurement systems have been described o ] )
previously3® The Raman system was modified slightly to adapt Sample holder, similar to a previous desf§was used to aid

to the present work (Figure 1). A %Q 0.21 NA microscope sampI(_a transfer between three major instruments, nar_nely, the
objective (Nikon) was installed to focus the laser to a diffraction- Potentiostat, the Raman spectrograph, and the scanning probe
limited spot at a © incident angle. The same objective was MICroscope.

also used to collect Raman photons via a cube beam splitter
(Edmond Scientific, Barrington, NJ). Routine data acquisition
parameters were 4Qm slit width, 2 mW laser power, and 50

s integration time. Samples were moved relative to the laser
spot with anxyztranslational stage (Newport, Irvine, CA) of Cyanide Etching and Silver Deposition by Electrochemical

0.5 um resolution. Methods. Initially, we hoped to use STM lithography to create

Scanning Probe Microscopy. All STM and scanning force  a microeletrode and grow one Ag particle from it. However,
microscopic (SFM) images were acquired with a Nanoscope this approach was not successful because there was not enough
Il microscope (Digital Instruments, Santa Barbara, CA). contrast between the Ag deposition rate at the tip-etched area
Vibration isolation was accomplished with the “bungee”-cord and the rates elsewhere. We noticed that the threshold potential
design3’ for Ag deposition onto etched areas varied randomly for different

The STM tips were mechanically cut from a 0.010-in. samples from 0 to 400 mV, a range more negative than the
diameter PtIr (80/20 w/w) wire while the SFM tips were theoretical threshold of 425 mV for bulk deposition from a 1
pyramidal silicon nitride cantilevers with a spring constant of mM Ag™ solution. This suggests that the thiols in tip-etched
0.58 N/m. Typical STM imaging conditions were 300 mV bias area have not been completely removed, which would lead to
voltage, 0.11 nA constant tunneling current, and 2 Hz scan rate.large, and perhaps irreproducible, threshold overpotential. One
Constant force mode and a 2-Hz scan rate were used in SFMconsequence of large overpotential is that Ag is also deposited
imaging, but the exact force was unknown because the force-at the adventitious defect sites. We have attempted to remove
vs-distance plot was not recorded. the residue thiols in the tip-etched area by oxidizing it at 1100

Typical conditions for STM lithography were-3 V bias mV prior to Ag depositiorf® However, this anodic excursion
voltage, 0.11 nA tunneling current, 3@0 Hz scan rate, and 3  enhances Ag nucleation at the adventitious defects as well,
min etching time?8:3° All the STM lithographic operations were  resulting in no or even decreased contrast in Ag deposition rate
performed in air without humidity control although we found (Figure 3). The Ag particle density is so high that it is
later that humidity is a critical factdf. impossible to find features due to STM lithography.

Sample Preparation and Measurements.Au(111) facets We then tried to remove the thiol residue through electro-
on an Au sphere were prepared according to literature chemically controlled cyanide etching. Unlike Ag deposition,
procedure$®-42 The remaining fabrication steps are illustrated cyanide etching exhibits a large contrast in etching rate: no
in Figure 2. Ag particles with adsorbed probe molecules were pits are observed in the area not etched by the STM tip.
first characterized by SERS, and then by SFM. A home-made Consequently, cyanide etching dramatically improves the con-

Results and Discussion

A. Fabrication and Analysis of Single Ag Particles
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Figure 4. SFM image of a string of mesa-like Ag deposits at four
tip-etched and cyanide-cleanedun x 1 um windows. Ag was
deposited at 500 mV for 20 s. Ttescale is 10 nm.
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(C)nn Figure 5. SFM image of a string of Ag particles deposited at seven
tip-etched and cyanide-cleaned 500 600 nm windows. Ag was
deposited at 470 mV for 3 min. Tteescale is Jum. The Ag#5 particle

A was knocked off the surface by the imaging SFM tip.
A

250

particles can be seen in the area not etched by the STM tip.
Longer deposition time simply results in a larger particle size
(Figure 5)*
Size and Shape Analysis of Ag particlesAs seen in Figure
" T ' T 7 6, a close-up view of an individual particle does not reveal its
' T om ' true topography because the SFM tip has a finite cone dhtfle.

) . ) . According to a simple geometrical modef, obtained from a
Figure 3. (A) SFM image of clusters of Ag particles deposited onto . .
adgventitiou(s )defect siteg within a hexadecgagethiol SAMpon Au(111). line cross gectlon Shquld pe equakipthe half cone angle of
The deposition potential was 200 mV, and the deposition time was 10 the pyramidal SFM tip (Figure 7). The calculated half cone
s. (B) Smaller scan area. (C) Line profile shown in B. Bh&cale in angle is 35, assuming that each face of the pyramld is molded
both A and B is 500 nm. from a Si(111) plané’ This agrees approximately with the

observedy' of 32° & 3° obtained from line cross sections, such

trast in the Ag deposition rate. There exists a window of as the one shown in Figure 6B.
threshold potential within which Ag deposition occurs at the  The relatively dull SFM tip makes it difficult to determine
tip-etched, cyanide-cleaned area but not at the adventitiousthe shape of each particle. Nevertheless, an Ag particle may
defect sites. Figure 4 shows an SFM image of Ag particles be approximated as a spherical protrusion with its center located
produced with this method. At a fultscale of 10 nm, no Ag at a distanceq away from the Au surface (Figure 7). The

|

-250
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(A) The radius obtained with eq 1 is subject to a large uncertainty,
however. On the basis of sequential images of the same particle,
we observed a 5% error ih andd, and a 10% error in'.
Error propagation results in even larger error in radii. For
example, the Ag#3 particle in Figure 5 showss 370+ 110

nm andq = 420+ 120 nm; the Ag#4 particle shows= 590

4+ 120 nm andg = 450 4+ 130 nm. Thus, these particles are
approximately spherical (~ q) although the geometry below
the top hemisphere cannot be obtained from an SFM image.
Similar analysis of the Ag particles in Figure 3B reveals a
hemispherical shape with typical= 310 £ 66 nm andq =

—30 £ 70 nm. The hemispherical shape is reasonable since,
in this case, Ag was deposited under a large overpotential that
favors diffusion-controlled growtt#

Discussions on the Single Particle Fabrication Technique.
The single particle fabrication technique outlined here has three
distinct advantages for SERS mechanistic studies. First, this
technique allows unambiguous isolation of a single particle for
SERS measurements. The region surrounding each patrticle is
an atomically flat Au(111) surface which is known to support
little or no EM enhancement. Furthermore, Raman probe
molecules are excluded from the flat Au(111) region which has
(B) " been protected with the SAM of hexadecanethiol. In short, any

Raman signal from the probe molecules originates from the
surface of one isolated Ag particle. This kind of isolation is
important since the laser spot size is usually larger than the
particle size, which means that it is inevitable that a significant
portion of laser energy will be incident on the surface surround-
ing the particle ¢ide infra). Second, the size and the shape of
the particle can be controlled by controlling the size and the
shape of the lithographic area and by controlling the Faradaic
) 2.50 5.00 2 .50 charge passed during the Ag deposition step. Due to the high

M spatial resolution of STM lithography, we expect that particles
Figure 6. SFM image and a line profile of the Ag#3 particle éhown as small as 10 nm can be fabricated and characterized. Fina”y,
in Figure 5. Thezscale in A is 2um. the interparticle spacing, thus the degree of interactions among
the localized EM field around each particlgide infra), can
also be controlled by controlling the etched pit spacings during
STM lithography. In this study, we have demonstrated only
A X/ the first advantage.
h Combining electrochemistry and scanning probe microscopy
] r TIP for fabricating and characterizing nanometer-scale features is a
_ s + ) very useful concept that has been demonstrated in this work
____________ _ ‘o and elsewheré49-51 For example, Lkt al.reported a method

’ f /< d for depositing Ag nanoparticles on an atomically flat graphite
t]

.00

1
L

0

-1.00

surface®®5! This method also has the aforementioned three
(8 advantages; therefore, it is potentially useful for single-particle
SERS studies as well. One drawback is that the laser beam
Figure 7. lllustration of a spherical particle being imaged by a may overheat the graphite surface and cause various problems
pyramidal SFM tip. Th_e dashed line represents the observed topographys,ch as heat-induced desorption or morphology changes.
Symbols are defined in the text. Since STM lithography relies on sequential tip movement to

motivation behind this model is to obtain the radius of curvature, Create patterns, its throughput is lower than those of parallel
a parameter of great significance in characterizing the roughnesdithography based on mask&?® stamps;** or template$?%°
scale of a SERS-active substrate. After a simple derivation However, the spatial resolution of STM lithography is much
based on geometric algebra, we obtain an equation which relatedligher, and itis less prone to dust particle contamination. These
the radius of curvature with three parameters that can be are desirable characteristics for smgle. particle fabrication which
conveniently determined from an SFM image, namely, the half ©nly demands low-throughput operations.

base widthd, the heighth, and the cone angle’:

B. Surface-Enhanced Raman Scattering from Single Ag

_ 1 . Particles
r= —'na(d cosa — hsina) — ry, Q)

1-si Basic Equations of Surface Raman SpectroscopyQuan-
wherea = o' = arctan/h). Since the tip radius of curvature titative analysis of SERS is the key_ to a better understanding
rip is much smaller than the particle’s radius, the last term can Of the SERS mechanisms. The integrated surface Raman
be ignored. The valug (q = h — r) gives us a rough estimate  INtensity sz in photon s* can be expressed ‘as
of particle shape. For example,= 2r andq = r correspond
to a sphere whereds= r andq = 0 correspond to a hemisphere. lsr = 0sp€2NgP 77 2)
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where osr is the differential surface Raman scattering cross
section in crd sr! molecule’!; Q is the solid angle of the
collecting lens;ng is the surface coverage in molecule @n

P. is the incident laser power in photonlsandy, is the overall
detection efficiency which includes the transmission efficiency
of the imaging optics and the quantum yield of the CCD
detecto’” Similarly, the normal Raman intensityr from bulk

Ag #1 Ag #5

%

molecular scatters embedded in a thin and transparent film is 1490 1800
Raman Shift (cm™')
Ing = ONRS2NEPLY 3
. . . Ag #2 Ag #6
where ojris the differential normal (or unenhanced) Raman g 9
scattering cross section amg the number of molecules per
geometric area of the thin film.
The surface enhancement faciGe is defined as
Osp _ lsre Isg
OnrR - INRMs  ONRSENSELT
Ag #7
whereQ, 7, andP_ are all assumed to be constants for both Ag #3 9
surface and bulk measurements.offz is unknown, it can be
determined by comparing its Raman intensity with a standard
sample whosenr is known: ,.f A O

B A
NSy

B _ 'NnRIF

UNR_IA 8ONR (5)
NRIF

Ag #4 Background

Again, Q, 5, and P_ should be kept constant. To ensure a
constanty, the frequencies of the two Raman lines should be
near each other.
Typical parameters used in this study are= 1.7 x 1073 W TP

according to eq 38 Q = zNA?%(1 — NA?) = 0.145% oj\r =

2.7 x 10722 cm? sr* for the C=C Sftretchmg vibrations of Figure 8. SERS spectra af4MMS adsorbed on the single Ag particles

the probe moleculet4MMS) according to eq %} andns = shown in Figure 5. The height of each box represents an intensity scale

4.61 x 10 molecules/crh for a closely-packed SAM of  of 10 counts per second per mW of incident laser power. The

t-4AMMS 51 When calculating the enhancement factor due to background spectrum was obtained at a particle-free spot: around the

one single particle using eq 4, one has to realize that the effec-lower-right corner of the image in Figure 5.

tive laser power is much smaller than the actual power. This

is because the laser beam size is often larger than the size Figure 8 shows the surface Raman spectra obtained from

of a single particle. The correction factor can be found individual Ag particles depicted in Figure 5. The bands at 1587

numerically if we assume that the particle is at the center of and 1626 cm! can be assigned to the phenyl ring=C

the beam and that the beam has a TE®laussian cross section  stretching vibration and the ethylene=C stretching vibrations,

at its focal planeé? respectively?* Although weak, the signals are clearly distin-
guishable from the background noise. Since the Ag particles
are of different sizes, their SERS intensities also differ. Smaller

. " op2f 2
I(r) = 12 exp(-2riry) (6) diameter usually gives smaller intensity; however, exceptions
0 to this trend are obvious, such as the case of Ag#3 vs Ag#l,
whereP_ is the total laser power. The measured spot radius It?](élf:?:;nsge;hat the shape factor or the local roughness may be

ro, defined as the radial distance at which the intensity falls to ) ]
e2 of the value at the center, is 4:8 0.2 um.52 Using eq 4, we can now estimate the enhancement factor

Correlation between Enhancement Factor and Particle  due to one single Ag particR. For example, the enhancement
Morphology. Under optimized experimental conditions, we did ~ factor is 3.5x 10* for the Ag#3 particle and 1.9 10" for the
not Observe surface Raman S|gna| from any Ag partlc|e Shown Ag#4 partIC|e ) These Va|ueS InC|Ude COI’]tI‘IbutIOI’]S from a.”
in Figure 4. These particles, having a width of about Ani forms of chemical as well as EM enhancement due_to qual
and a height of about 10 nm, resemble a “mesa” structure. Thefoughness at a much smaller scale than the particle size.
null detection does not imply no enhancement; rather, there exitsHowever, these contributions are less than 250 as discussed
an upper enhancement limit which is primarily determined by shortly before.
the detection efficiency;. After considering the correction The above enhancement factors for single Ag particles are 2
factor for the incident power (about 4%), we find that the upper orders of magnitude lower than the value measured with an Ag
limit of the enhancement factor is about 250.This value electrode roughened electrochemicdllyWe have initially
probably results from chemical enhancement alone since mostattributed this discrepancy to the nonideal shape of the Ag
mesa surface is “flat” (about 1 nm RMS roughness). EM particle. The Ag #3 particle has an aspect ratio of about 1
enhancement at this roughness scale may also be possible, buwhereas a typical EM theory predicts that an ideal Ag particle
its contribution, capped by 250, is still insignificant when should be an ellipsoid with an aspect ratio larger th&f§ 1.
compared with a typical overall enhancement of 1.CP. However, a more careful analysis of our data obtained with
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B B S bution of isolated particles from that of clusters is difficult. Our
’ single particle SERS experiments avoid this difficulty and make
guantitative evaluations possible. Furthermore, we have shown
a one-to-one correlation between the observed Raman signal
from a single particle and its high-resolution topographical
image. Therefore, the statistical averaging effect present in
previous investigatiod$-17:2427is completely avoided.
(A) Intuitively, we believe that maximum perturbation of the local
EM field occurs at the “gap sites” where molecules are flanked
by two particles. This hypothesis agrees with the theoretical
results by Gersten and Nitzan who showed that molecules
located between a two-sphere cluster experience a stronger local
EM field and resonance at a lower frequency than those for a
single spher€® Thus, these “gap sites” are an important class
0 of SERS-active sites. With further refinement of our single
particle technique, we will fabricate two-particle clusters which
e . will allow direct comparison with the Gersten and Nitzan model.
1600 1800 Not every EM theory gives the same prediction for the effects
Raman Shift (cm‘1 ) of particle clustering. For example, Laor and Schatz showed
Figure 9. (A) Typical SERS spectrum of-4MMS adsorbed on that a cluster of hemispheroids on a perfect conductor will give
randomly distriblted Ag particles shown in Figure 3. (B) SERS @ Smaller enhancement factor and a broader resonance profile
spectrum oft-4MMS adsorbed on the Ag#3 particle shown in Figure than those for a single particlé. Although a broader profile
5. They-scale is magnified 100-fold. has supporting experimental evideriéghe smaller enhance-
) . ment factor clearly contradicts to our observation.
another sample revealed something that demands a more critical Thig inconsistency, however, may not necessarily imply a
examination of the above interpretation. __ fundamental difference between Laor and Schatz's theory and
The sample of interest is the one shown in Figure 3, in which Gersten and Nitzan's theory. For example, besides the obvious
a much higher Ag particle density can be seen. The shape Ofjtference in the geometric configurations of their models, Laor
these particles is hemispherical, which is probably less ideal 3 Schatz averaged the EM field over the entire particle surface
than a spherical shape. However, the SERS signal from thisyhile Gersten and Nitzan focused only on the special site
sample is much more intense than the signal from one single henyeen two particles. This implies that the EM enhancement
particle, even if one includes the factor that more than one s not yniformly distributed around a particle surface and that
particles are illuminated by the focused laser beam (Figure 9). he special “gap sites” are far more important than other sites
Our suspicion is verified after a quantitative calculation of i, getermining the overall enhancement factor. Our observation
the enhancement factor. Since the average particle density doeg the extra enhancement by clusters concurs with this picture
not change significantly over an area defined by the laser beamgajitatively. Obviously, more quantitative comparisons will

size, we can use an effective surface coverage given by require refinements in both theoretical and experimental cluster
geometries so that they converge to a common one.
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. . . . Conclusions
where Zir2 is the surface area of a hemispherical partiolgino
is the closely-packed monolayer coverage; awe is the We have demonstrated here a new technique for fabricating
average particle density. Both(average of 0.3:m) andNp single Ag nanopatrticles. The technique shows great potential

(1.1 x 108 particles/crd) can be readily measured from Figure for controlling the size, the shape, and the spatial configuration
3. Using eq 4, we can show that the enhancement factor is 1.10f model SERS particles.
x 10°, which is about 60 times larger than the average  We have detected for the first time surface-enhanced Raman
enhancement factor of 1.9 10* for a single Ag particle of scattering due to one isolated single Ag particle. The total
comparable size. enhancement factor due to one single Ag particle of about 1
This result means that the SERS signal due to a cluster of um diameter is about EQwhich includes contributions from
closely-spaced particles is not simply the sum of signals from all forms of chemical and EM enhancement at roughness scales
each individual particles. Rather, an extra enhancement due tosmaller than the dimension of the particle.
interactions between these particles is present. We think the Finally, we quantitatively evaluated the role of interparticle
interactions involve perturbation of the local EM fields sur- interactions in SERS. Extra enhancement of about 60 is possible
rounding individual particles. This view has been speculated for Ag clusters of random spatial configuration. We speculate
previously based on the effects of colloid aggregation on that the extra enhancement is due to the modulation of the local
SERS!827.28,67.68 For example, Blatchfordt al. observed that ~ EM fields from individual particles. In particular, the gap sites
SERS intensity from pyridine adsorbed on Au colloidal particles between two particles may be more important to SERS than
increases as the degree of aggregation incrédsekhey other sites. This possibility is significant because it will provide
attributed this phenomenon to the excitation of the longitudinal a valuable guideline for optimizing the surface morphology, thus
EM resonance of string-like clusters, which produces an intensethe enhancement factor, of a practical SERS substrate. After
red-shifted absorption band near 650 nm. further refinement, the single particle fabrication technique
However, previous experimental evidence is only qualitative presented here should lead us to a more quantitative understand-
evidence since the enhancement factor due to one isolatedng of SERS-active sites.
particle is virtually unknown. In previous SERS studies, the
observed SERS signal results from a large number of particles Acknowledgment. L.S. gratefully acknowledges financial
which always include clusters; therefore, separating the contri- support from National Science Foundation (CHE-9531243). This
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