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Receied February 28, 2000 Figure 1. Scanning electron microscopy image of electrochemically
) grown Ag nanoparticles on ITO-on-glass substrate.
Surface-enhanced Raman scattering (SERS) spectroscopy on

single nanoparticlég and even single dye molecules on isolated @ ®

nanoparticlel* has drawn significant recent interest. Using single [ [ s
dye molecules, Kneigpand Ni¢ have shown that SERS can | AN TS
increase the scattering cross-section to the point where it renders JU‘“"’\ | M
the strength of the spectroscopic signal comparable to that of L_jJL/M'\ | A ]
single molecule fluorescenéeThe ability to detect the Raman A | Mo
signal from single molecules can only be possible by a dramatic AN Yo
amplification of the Raman scattering cross-section. L o =
In this paper we report on confocal microspectroscopy of first- - o et B El Y i— §
and second-order Raman scattering from carbon nanocrystallites < et 8 < Y 8
adsorbed on single, isolated Ag nanoparticles. We show that the g fatbe™ k3 G A em] 3
Raman signal of a very low number of carbon crystallites 2 Wi E 2 Ya— ;
(probably one) with a two-dimensional domain size of typically M ) N by
lower than 10 nm can be recorded. Additionally, we spectrally M £ L] £
capture-on a 25 ms time scatethe previously reported SERS LJ/\'/M\- - Y
blinking effect and show that the blinking is most likely due to J/w\ [N —
a thermally induced diffusion of the carbon nanoparticles through ™ \_JL«»—-\
a SERS active “hot spot” on the Ag nanopatrticle. Finally, in direct A
contrast to the low SERS-active efficiency reported by Nie and o T 0 Te00 3000 4300
Emory; we observe that more than 75% of our Ag nanoparticles Raman-shift {cm) Raman-shift cm™)

are SERS actl\(e. We propose that the morphol_ogl_cal dlffer_ence Figure 2. Temporal progressions of spectra acquired under 532 nm
in Ag na_nopartlclgs b_etween our study and theirs is most likely illumination for carbon domains on two separate isolated Ag nanoparticles.
responsible for this difference. , . . Each spectrum was acquired using a 25 ms integration time such that

The substrates used are glass microscope slides coated withne collection time for each progression was very nearly 400 ms. The
approximately 180 nm of indiumtin-oxide (ITO). Samples are  pottom spectra were acquired during the first 25 ms, and the top spectra
electrochemically prepared on the ITO from a silver nitrate/ were acquired during the last 25 ms. Differences between series a and
potassium cyanide solution using a potentiostatic double pulse series b are discussed in the text.
method’ Figure 1 shows a scanning electron micrograph (SEM)
image of the particles on the ITO surface. The cauliflower-like  The Raman spectra are acquired with 532 nm excitation.
shape shows that their morphology is not homogeneous and thatepi-fluorescence (backscattered micro-Raman) geometry is used.
they are clusters of Ag crystallites. This cauliflower shape may The objective (4&, 0.65 NA) provides a diffraction-limited spot
explain the fact that more of our Ag nanoparticles are SERS active size approximately km in diameter, and the maximum power
than the faceted Ag nanoparticles used in other studies. density on the sample is roughly él@v/cn?. The spectral

*To whom correspondence should be addressed. resqlutlon of th.e experiment is _approxmately 30¢m .

* Current address, The University of North Carolina at Charlotte, Depart-  Figure 2 depicts two progressions of Raman spectra; each series
ment of Physics, Charlotte, NC 28223. o _ is from a single isolated nanoparticle, with each individual
Si * Currgnt address, Universit&siegen, Physikalische Chemie |, 57068 spectrum acquired with an integration time of 25 ms. The bottom

'i%?%moerwg%_; Nie, SAnal. Chem1997 69, 2631. spectra are integrated over the first 25 ms, the second spectrum

(2) Emory, S. R.; Nie, SJ. Phys. Chem. B998 102, 493. from the bottom is the next 25 ms, and so on. Spectra were also

S é?ylénggpi_gﬁ; \{\é%%gﬁg';lgé?'pp’ H. lizkan, |.; Dasari, R. R Feld, M. acquired with 488 nm excitation to prove that the sharp peaks at
"(4) Nie, S.; Emory, S. RSciencel997, 275, 1102. 1590 and 1380 crt and the broad peak in the 2568000 cnr?

(5) For a review on optical single molecule detection see Basche, T.; range are Raman in nature. The broader band above 3000 cm
Moerner, W. E.; Orrit, M.; Wild, U. PSingle-Molecule Optical Detection, is fluorescence from the ITO substrate
Imaging, and SpectroscopyCH: Weinheim, 1997). ) .

(6) For SERS reviews, see: Moskovits, Rlev. Mod. Phys1985 57, 783; Th_e Raman peaks area result of aggl(_)meratlon of carbon atoms
Kreibig, U.; Vollmer, M. Optical Properties of Metal ClusteysSpring- forming nanocrystalline carbon domains on the Ag particle

\1’85']"?‘92325?5';’”' Heidelberg, New York, 1995); Otto, A. Raman Spectrosc.  gyrface. The peaks are in excellent agreement with those of finite
(7) Reents, B.: Lacconi, G. I.; Plieth, W. Electroanal. Chen.994 376, graphite crystal siz&:'?2 Extensive SERS studies were carried

185. out with carbon layers on silvErand with variously treated
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graphite samples with deposited silver films coated on top. In ' T T '
these previous studies, the aims were (1) to develop a highly

1275

sensitive surface probe®and (2) to explore the mechanisms of ] 8
SERS!:'” Our spectra are interpreted as follows: The higher- B
energy mode (1590 crm) is the typical Raman-active band of - ]

highly ordered macroscopic graphite crystals which is associated
with in-plane atomic displacement and hag-symmetry. The

line at ~1380 cm? is the symmetry forbiddem-band which
becomes active with the relaxation of the wave vector conserva-
tion in nanocrystalline and glassy carlbf@tTuinstra and Koenig
have found a relation between the intensity ratio of these bands
and the in-plane domain size of carbon crystallited/ith L L L .
decreasing domain size, the 1380 ¢rtine grows with respect ° e Sh?:’?cm.,) s o0
to the 1590 cm! line, and both lines shift to higher energies, ) ] )
and their widths increasé From our spectra we hence conclude Flg_ure 3. Single 25 ms integrated Raman spectrum of a Ag nqnopartlcle.
that the 2D domain size must be on the order of 10 nm or smaller. s spectrum clearly demonstrates that the spectral features in the 2500
The source of the carbon can easily be traced to the Samplesooo cnt! range result from linear combinations of the lower frequency
fabrication solutions by higher quality rinsing, which resuilts in 22"dS:

disappearance pf t_he Raman bands. Our energy-dispersive X-ray |, Figure 3, a single 25 ms exposure time SERS spectrum from
(EDX) spectra indicate roughly 10% of the surface atoms are 4 gifferent Ag particle is shown. In comparison to the other spectra

Ca;bO_”- f Fi i tati f  of the hundred there is an additional line at 1275 chin the fundamental regime.
eries a from Figure 2 IS representative of most ot the hundreds ;¢ interesting to note that lattice dynamics calculations of a

of Ag nanoparticles that we have studied. Series b represents less.. ) . Sk
than 10% of the particles we have studied. The most significant%?ggieﬁ?::joénpfggg ?grgeerrrr:zgilfnhaﬂgimc%d 1b3y6'g‘|c‘::1h'a"’:]r:jd

differences in the two spectral progressions include: (1) the ; . .
fluctuating time dependence of series a versus the more stablel2 72 cn’) in the Qen5|ty of states, the lowest one right at the
series of b, (2) the absence of a second-order peak in series biréquency of this line. Furthermore, the ov?rtone at 25?(?1““
and (3) the narrower line widths of the spectra in series b. and the combination at 2680 cf= 1275 cm* + 1405 cm*in
The ‘'spectral blinking is believed to be a result of a thermally the high-energy part of the spectrum clearly show that this line
activated diffusion of the carbon domain through a local hot spot Must be associated with the fundamental in-plane mode of carbon
on the Ag nanoparticle. That is, not every region of the Ag particle Sheets. Also part of the 2880 cfband could be due to a
is SERS active, but rather, just one (or a small number of regions) combination with the 1580 cm mode. This 1275 cnit line is
is hot, where the enhancement increases significantly. The factmissing in most previously reported ensemble spectra of graph-
that the series of Figure 2a is time dependent indicates that noite2 Here it is clearly visible as a sharp, intense peak. We want
more than a few carbon domains are present. More than a fewto note that very few Ag particles show this mode (see spectra in
carbon domains would yield spectra that ensemble averaged sucliFigure 2) which explains the fact that it is not easily visible in an
that the variations would not be observed. Further, we speculateensemble spectrum. The fact that this mode is missing in many
from the stability and the time dependence of the Raman bandsspectra leads us to the following conclusions: (i) the appearance
in Figure 2b that a carbon sheet is formed on the Ag nanoparticle. of this line must be associated with the finite size and, in addition,
These Raman spectra are consistent with the sheet remaining oRyith the symmetry removal of the carbon nanocrystallite, (i) the
the hot spot while varying in thicknesprobably via a folding ~  spectra where it is present must be dominated by one single
of the sheet or other rearrangement of the carbon atoms comprisrysaliite which exhibits this mode. Further support of this single
ing the sheet. The spectral modes and peak splitting are consistent s non domain claim lies in the fact that each sum frequency

with this premise. mode is generated by all possible combinations of the first-order

> . 1
Cons;dFe_r the 2bro$ﬁ_ spetchtratl fgattljres in éhe (;é‘iﬂlél)o cme peaks. If the first-order peaks were generated from more than
range of Figure za. This IS the typical Second order Raman régime , ,, -4 hon domain, it would be expected that the modes would

of graphite and nanocrystalline carbon where we expect overtone . . .
and combinations of the previously observed lines. According tosbef‘ different from one domain to another. (since we have found
this type of first-order spectrum to be quite rare).

Nemanich and Solifithis peak is a result of the sum frequency
of the two intense first-order bands occurring at 1590 and 1380 In summary, we have observed surface-enhanced Raman

Intensity (a.u.)

cm i, scattering spectra of single carbon nanocrystals adsorbed to single
- - - silver nanoparticles. The time dependence of the movies clearly
ES} Lg'g?g?&hf'hggﬁné%nﬂ" LSJ ;2‘;252_ yél %99523(’),13}35’: indicates that a few carbon nanocrystallit@sd possibly just
(10) Ishida, H.; Fukuda, H.; Katagiri, G.; Ishitani, Appl. Spectrosc1986 one—are being probed. Further, our results indicate that most Ag
40’(::1’):12.)2Nakamura K.: Fuiitsuka, M.: Kitajima, Mchem. Phys. Let199Q nanoparticles are SERS active and that the SERS enhancement
172, 205. e e Rama, s renders the spectroscopic scattering cross-section to be similar
(12) Al-dishi, R.; Dresselhaus, ®hys. Re. B 1982 26, 4514. to that of molecular fluorescence.
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