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Single Molecule Detection Using Surface-Enhanced Raman Scattering (SERS)
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By exploiting the extremely large effective cross sectioh®@ {’—10~'® cm?/molecule) available
from surface-enhanced Raman scattering (SERS), we achieved the first observation of single molecule
Raman scattering. Measured spectra of a single crystal violet molecule in agueous colloidal silver
solution using one second collection time and ab@uk 10° W/cn? nonresonant near-infrared
excitation show a clear “fingerprint” of its Raman features between 7001406 cm™!. Spectra
observed in a time sequence for an average of 0.6 dye molecule in the probed volume exhibited the
expected Poisson distribution for actually measuring 0, 1, 2, or 3 molecules. [S0031-9007(97)02524-6]

PACS numbers: 33.20.Fb, 42.62.Hk, 78.30.—j, 82.65.Pa

Detecting single molecules in solution with high sensi-gree of structural information about the molecule. (2)
tivity and molecular specificity is of great scientific and Because of the shorter vibrational relaxation times com-
practical interest in many fields such as chemistry, biolopared to electronic relaxation times [17], the number of
gy, medicine, pharmacology, and environmental sciencRaman photons per unit time which can be emitted by a
[1,2]. For example, progress in human gene analysis willnolecule under saturation conditions will be higher than
be greatly enhanced by methods for selective and rapid déhe number of fluorescence photons by about a factor of
tection of single molecules [2]. One-photon [1—10]—and10°. This allows shorter integration times for detecting
two-photon [11]—excited fluorescence are already usefuh molecule or higher rates for counting single molecules
techniques for single molecule detection. [18]. (3) SERS avoids photodecomposition of the probed

Surface-enhanced Raman scattering (SERS) is a usefulolecules because the excitation energy is not in reso-
technique resulting in strongly increased Raman signaleance with molecular transitions.
from molecules which have been attached to nanometer This report describes NIR-SERS experiments on crystal
sized metallic structures. It is generally agreed that moreiolet in colloidal silver solution at the single molecule
than one effect contributes to the observed large effedevel. The excitation source was an argon-ion laser
tive SERS cross section. The enhancement mechanisrpsimped cw Ti:sapphire laser operating at 830 nm with
are roughly divided into electromagnetic and chemical efa power of about 200 mW at the sample. Dispersion
fects [12,13]. The electromagnetic enhancement factowas achieved using a Chromex spectrograph with a deep
“MGsers arises from enhanced optical fields due to exci-depletion CCD detector. A water immersion microscope
tation of electromagnetic resonances in the metallic strumbjective (<63, NA 0.9) was brought into direct contact
tures. To afirst approximatiofi? Gsgrs can be expressed with a30 wl droplet of sample solution for both excitation
by the fourth power of the ratio of the total electric field and collection of the scattered light. Scattering volume
E(r,, v) at the molecule location,, to the incident exci- was estimated to be approximately 30 pl [19]. The
tation field E;,.(v) wherev is the laser frequency [14] colloidal solution used in our experiments was prepared

M Grs (. ) :‘ E(rpm,v) [* ) by a standfilgd citrate redugtion procgdure [20]. NaCl WE?.S
Einc(v) added inl0~“M concentration to achieve optimum SERS

Chemical SERS enhancement results from a meta@nhancement factors [21]. Electron micrographs of the
electron-mediated resonance Raman effect via a charg®l taken before the addition of the targeted compound
transfer intermediate state [15] which takes place at scare shown in Ref. [22]. They show that the colloidal
called “active sites.” However, a full understanding of solution is slightly aggregated and consists of small
SERS and quantitative estimate of total enhancemerit00—150 nm sized clusters. The sol extinction spectrum
factors is not available. shows a maximum at about 425 nm [21]. Samples were

Recently, we observed extremely large Raman crosprepared by adding X 1013 M crystal violet solution
sections on the order of0~!7 to 107!6 cn? per mole- in methanol to this colloidal solution in a volume ratio of
cule in SERS experiments using near-infrared (NIR) ex-1:15, resulting in a final sample concentration3o$ X
citation for dyes adsorbed on colloidal silver [16]. Thesel0~'* M, which means an average of 0.6 molecules in
enormous cross sections provided the hope of using SERSe probed 30 pl volume. From the total silver in the
for single molecule detection as a complementary methodolloidal solution we estimate the number of individual
to fluorescence which can offer exciting new aspectssilver clusters in the scattering volume to be about 100.
(1) A SERS vibrational spectrum provides a high de-The ratio of the number of dye molecules (0.6) to the

0031-900797/78(9)/1667(4)$10.00 © 1997 The American Physical Society 1667



VOLUME 78, NUMBER 9 PHYSICAL REVIEW LETTERS 3 MRcH 1997

number of silver clusteré~100) makes it unlikely that tering volume, the same signal strengths for the methanol
more than one dye molecule will be adsorbed on the samRaman line and for the crystal violet SERS line confirm
cluster. Repeated checking of the extinction spectra odn enhancement factor of about!t@nd cross sections
the sample solution during and after SERS measuremewon the order ofl0~!7 to 10~'® cn?/molecule, agreeing
time showed no change implying no further aggregatiorwith the estimate obtained in Ref. [16] from the observed
after the addition of crystal violet. Therefore we canvibrational pumping.
assume that we probed individual silver clusters, and that Figure 3 presents a statistical analysis of the Raman
Brownian motion of these silver clusters transports singlesignals measured in time sequence using 20 bins whose
dye molecules into and out of the scattering volumewidths are 5% of the maximum of the observed signals
The average residence time of a particle in the probe¢x axis). They axis displays the frequency of the
volume can be roughly estimated to be between 10 and 28ppearance of the appropriate signal levels of the bin.
seconds [23], which is at least ten times longer than the Figure 3(a) gives the statistical analysis of 100 “nor-
measurement time. Therefore it is most probable that anal” Raman measurements of famethanol molecules
“1-molecule-Raman spectrum” is generated by the samim the probed volume. As expected, the Raman signal
molecule and that all properties of the spectrum are @&f many methanol molecules shows a Gaussian statistical
function of the individual properties of this molecule. distribution.

Figure 1 shows 100 surface-enhanced Raman scatteringFigure 3(c) displays statistical analysis of 100 SERS
(SERS) spectra measured in time sequence from a scatteneasurements (signal of thd74 cm~! Raman line) of
ing volume which contains an average of 0.6 crystal viole0.6 crystal violet molecules in the probed volume. In
molecules. contrast to the Raman signal of many molecules, the

Figure 2(a) displays the peak heights of thg4 cm™!  statistical distribution of the “0.6 molecules SERS signal”
line for the 100 SERS spectra. Figure 2(b) illustrates thexhibits four relative maxima which are reasonably fit
background level of the colloidal solution with no dye by the superposition of four Gaussian curves [25] whose
present. The horizontal line at 14 coufdss the mean areas are roughly consistent with a Poisson distribution
background signal. Using a common rule of thumb [1],for an average number of 0.5 molecule. This reflects the
we set the threshold for signal detection to 25 cofmits
which is three times the standard variation in the mean 100
background signal. Figure 2(a) shows that about 40
signals measured in the presence of dye molecules meet
this criterion.

For comparison, Fig. 2(c) shows an analogous mea-
surement for thd 030 cm~! Raman line of 3M methanol
in colloidal silver solution (about T8 molecules of 0
methanol in the scattering volume). We adjusted the -«
methanol concentration to achieve approximately the
same count rate for “many” molecules as for a single
crystal violet molecule in order to compare statistics at
approximately the same signal-to-noise levels (see next
paragraph). Previous experimental data showed no in-
dication of any SERS enhancement of the methanol Ra-
man signal [24]. Since there are about'4@mes more
molecules of methanol than of crystal violet in the scat-
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SERS spectra shown in Fig. 1. (b) Signals measured at
FIG. 1. 100 SERS spectra collected from a 30 pl scatterind 174 cm™! for 100 spectra from a sample without crystal violet
volume containing an average of 0.6 crystal violet moleculesto establish the background. (c) Peak heights ofii#® cm™!
displayed in the time sequence of measurement. Each spectruRaman line for 100 spectra measured from 3M methanol,
is acquired in 1 second. experimental conditions were as before.
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100-150 nm sized silver clusters and with low concentra-
a) tion “NaCl activation” of the colloidal solution. The rela-
tively well “quantized” signals for 1, 2, or 3 molecules
suggest relatively uniform enhancement mechanism(s)
despite the nonuniform shape and siee10-40 nm)
of the silver particles forming the clusters. The large
SERS enhancement can be understood by favorable su-
perposition of a very strong electromagnetic enhancement
due to the silver clusters, which is particularly effective
at NIR excitation [26] coupled with a strong chemical
enhancement [15].

Currently we are studying SERS enhancement factors

b) of various molecules. It is likely that there are relatively

many molecules with SERS enhancement factors suffi-

cient for single molecule detection.
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