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ABSTRACT We study surface-enhanced Raman scattering (SERS) of individual organic molecules embedded

in dimers of two metal nanoparticles. The good control of the dimer preparation process, based on the usage of

bifunctional molecules, enables us to study quantitatively the effect of the nanoparticle size on the SERS intensity

and spectrum at the single molecule level. We find that as the nanoparticle size increases the total Raman intensity

increases and the lower energy Raman modes become dominant. We perform an electromagnetic calculation of

the Raman enhancement and show that this behavior can be understood in terms of the overlap between the

plasmonic modes of the dimer structure and the Raman spectrum. As the nanoparticle size increases, the plasmonic

dipolar mode shifts to longer wavelength and thereby its overlap with the Raman spectrum changes. This suggests

that the dimer structure can provide an external control of the emission properties of a single molecule. Indeed,

clear and systematic differences are observed between Raman spectra of individual molecules adsorbed on small

versus large particles.
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aman spectroscopy is known to be

a powerful tool that provides a spec-

tral fingerprint of molecules. Its
implementation to the study of single mol-
ecules is, however, difficult due to the small
cross section of the process. Surface-
enhanced Raman scattering (SERS), how-
ever, may amplify the Raman signal by
more than 10 orders of magnitude and,
hence, is considered to be an attractive
methodology for single molecule
spectroscopy.'~* SERS occurs when a mol-
ecule is adsorbed on a metal surface pos-
sessing curvature with a characteristic
length of 10—100 nm and has been real-
ized on metal gratings,” lithographically de-
fined spheroid assemblies,® and
nanometer-sized metallic colloids.” The un-
derstanding of the mechanism responsible
for the gigantic amplification seen in SERS
has been a subject for active research for
the past three decades.® The dominant
mechanism is believed to be the interac-
tion between the electromagnetic radiation
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and the mobile surface charges in the
metal. The surface plasmons which are ex-
cited by this interaction give rise to a strong
electric field near the metal surface, which
in turn enhances the Raman scattering from
molecules located in this region.’ The
chemical enhancement, which occurs due
to the interaction between the metallic and
molecular electronic states, is believed to
play a less important role.'

Recent studies suggest that the SERS en-
hancement is substantially increased when
a molecule resides in the junction between
two nanoparticles (NPs)."" As two NPs ap-
proach each other, the near-field of one par-
ticle interacts with the electrons in the adja-
cent particle, coupling the plasmon
oscillations together. This coupling yields a
significantly stronger near-field in the junc-
tion compared to that which exists around a
single particle.? Experimental indications
for the importance of this coupling were
provided by several works, implementing
different experimental techniques.>'"'371°

In this paper, we present SERS measure-
ments utilizing pre-prepared junctions in
dimeric NP structures,'® consisting of silver
NPs of a relatively narrow size distribution,
and a short organic molecule that bridges
them. This enables us to conduct a con-
trolled and quantitative study of the SERS
enhancement at the single molecule level
and, in particular, to study the dependence
of SERS intensity and spectrum on NP size.
We find that as the NP size is increased the
total SERS intensity increases and the spec-
trum changes such that the lower energy
Raman modes become dominant. In that
sense, the NP size can be used to shape the
Raman spectrum in a manner similar to the
way the distance between NPs was recently
demonstrated to affect the molecular fluo-

www.acsnano.org



rescence spectrum.'” To explain this
behavior, we perform electromag-
netic calculation of the Raman en-
hancement in these structures. We
find that the plasmon absorption
spectrum of the dimer exhibits a
strong red shift as the NP size in-
creases and thereby increases the
overlap between the plasmon and
Raman spectra. Since the SERS en-
hancement strongly depends on this
overlap, we obtain an increased en-
hancement with NP size; the low en-
ergy Raman modes, which are closer
to the plasmon modes, are amplified
more strongly.

RESULTS AND DISCUSSION

Our ability to form
metal—molecule structures allowed
us to establish quantitatively the re-
lation between the SERS enhance-
ment and the formation of conju-
gated structures such as NP dimers.
The first step was to form dimers, in
which a single organic molecule
binds to two NPs."® In selecting the
appropriate molecules for SERS mea-
surement, we had to account for
two requirements: First, the mol-
ecule should have chemical groups
on both ends with a high affinity to
silver, such that a stable dimeric
structure could be formed, with a
fixed interparticle distance. Second,
the molecular absorption should
peak near the silver NP plasmon
resonance. Two molecules that sat-
isfy these requirements were used:
Rhodamine123 (Rh123), which con-
tains two amine groups at the xan-
thene ring (Figure 1¢), with peak ab-
sorption at 515 nm, and the
polythiophene T4, which contains
four thiophene rings and thiophenol
groups at its two ends (Figure 1d),'®
with peak absorption at 420 nm. The

procedure for the formation of dimer structures with
T4 and Rh123 was similar to that described in our early
work'® (see details in the Materials and Methods sec-
tion). We prepared two dimer solutions of T4-bridged
Ag NPs and Rh123-bridged Ag NPs which contained
about 30% NP dimers and 70% single NPs (with a small
fraction of larger cluster of particles: trimers, tetramers,
etc.). In the first set of experiments, we used silver NPs
that were prepared following the Lee—Meisel proto-
col.’ We adsorbed the particles on a patterned glass
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Figure 1. (a) Image of a 10 pm X 10 um square that contains a single Raman-active dimer
(the bright spot). (b) SEM image of the same square. At the location of the Raman spot, a dimer
is clearly observed (inset). All other objects in this square are single nanoparticles. (c,d) Time se-
ries of SERS spectra of Rh123 and T4, respectively, showing the characteristic single molecule
blinking. Insets: Chemical structure of Rhodamine 123 and T4.

substrate prepared using optical

lithography with a labeled grid of 10 pm X 10 wm
squares and measured the Raman signal. To improve
the adsorption uniformity, the cover glass was treated
with polylysine (1 mg/mL) prior to the adsorption. The
samples were excited using a frequency-doubled Nd?*-
YVO4 laser at 532 nm for the Rh123 measurements
and an argon ion laser at 488 nm for the T4 measure-
ments. We first recorded an image of an illuminated
square with the grating at zeroth order, effectively
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Figure 2. (a,b) TEM images of NPs with a gold core of a 6.3 nm radius and silver shells of 12 and 22 nm radii, respectively.
Insets: silver element mapping of the NPs by using energy-filtered TEM, in the range of 377—407 eV. The bright areas are at-
tributed to silver in the shell region. (c) Extinction spectra of solutions of core—shell NPs with a 6.3 nm gold core radius
and different shell radii (hormalized to NP concentration of 0.15 nM).

acting as a mirror. Raman-active NPs appeared in this
image as bright spots within the illuminated square
(Figure 1a). We then rotated the grating to its first or-
der position and collected the Raman spectrum from
each hot spot. The spectrum exhibited the characteris-
tic blinking behavior known for single molecules (Figure
1¢,d).

To identify the nanostructure that was responsible
for the Raman signal, we imaged the sample in SEM,
where a detailed picture of the adsorbed NPs at each
square could be obtained (Figure 1b). We have analyzed
in this manner more than 60 high intensity spots of
T4— and Rh123—NP dimers and found that in 94% of
the cases the origin of the bright spot was a dimeric
structure (see example in the inset of Figure 1b). The re-
maining 6% was due to larger clusters of particles.
Single NPs did not give rise to a detectable SERS sig-
nal. With the signal-to-noise ratio of our experiment, we
can estimate that the SERS cross section from single
NPs is at least 100 times smaller than that of dimers.
This finding clearly underlines the importance of such
conjugates in SERS enhancement.

The small detuning of the 532 nm line with respect
to the peak absorption of Rh123, which implies that
the Raman signal was also enhanced by the molecular

resonance, enabled us to conduct the measurements
of this molecule at much smaller power densities than
those required for T4 (the typical excitation intensity for
Rh123 was 30—200 W/cm? T4 was excited with a typi-
cal intensity of 600 W/cm?), and the recorded spectra
were therefore much more stable, allowing reliable
spectral measurements. Most of the results presented
in this paper are therefore for Rh123.

It is well-known that SERS enhancement in silver
structures is larger than in structures made of other
coinage metals.®2 However, the high reactivity of silver
compounds makes it difficult to produce NPs with a
well-controlled size. Indeed, the Lee—Meisel silver NPs
have a very broad size distribution. To obtain a prepara-
tion with a narrow size distribution, we synthesized
NPs that consist of gold cores and a silver shell (Figure
2a,b). The colloids prepared in this way were character-
ized by a standard deviation of 15% or less of their
mean diameter (measured using TEM). We found that
the maximum absorption of the gold NP solution, prior
to coverage with silver, is at 520 nm, and it is blue-
shifted by about 100 nm toward the typical plasmon
resonance wavelength of silver during the silver shell
growth. The resulting plasmon spectra for NPs with a
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Figure 3. (a) Histogram of the SERS intensity measured for 17 nm nanoparticles. (b) Theoretical SERS intensity distribution,
eq 1, assuming that the intensity is related to the angle 0, and that it is high for the parallel configuration and low for the per-

pendicular configuration.
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core radius of 6.3 nm and variable sizes of the shell are
shown in Figure 2c.

To characterize the Raman intensity emitted from
molecules within NP dimers of various sizes, we inte-
grated the measured spectrum over frequency. We ob-
served a large variability in the integrated intensities of
different molecules, spanning more than an order of
magnitude. To explain this variability, one should take
into account the relative angle 6 between the (linear) la-
ser polarization and the dimer orientation.?® When it is
assumed that the NP dimers are distributed on the sub-
strate such that they have equal probability for all pos-
sible angles, the expected distribution of the measured
SERS intensities is given by

| 1 (1)
\////max W, )2

This implies that the intensity distribution should
have two maxima, at low and high intensities, and the
probability to get intermediate intensities should be
relatively low (Figure 3a). Indeed, the intensity histo-
gram of the measured dimers exhibits such a double-
branch behavior: a strong decaying branch at low inten-
sities, and a second branch at the highest intensities,
which is significantly weaker. We believe that the rea-
son for the reduced probability to observe high inten-
sity SERS is the fast disappearance of these signals due
to photodamage of the molecules. Indeed, we observed
that the brighter hot spots decayed very fast, to the ex-
tent that we could not accurately record their intensity.

The understanding of the SERS intensity distribu-
tion enables us to determine the characteristic average
SERS intensity for each NP size from the measured data.
Intensity values were obtained from integrated spectra
of 20 to 90 hot spots for each type of NP dimers. From
the low intensity branch of the histogram obtained
from the data of each dimer type, we extracted the
average intensity. Figure 4a,b shows the average SERS
intensity as a function of the NP radius for two sets of
Rh123—NP dimers (with NP gold-core radius of 6.3 and
9.2 nm, respectively). It is seen that these two sets show
the same trend: the SERS signal increases as the NP
size grows. The observed behavior clearly shows that
the SERS enhancement is related to plasmon effects in
the NPs which are adjacent to the molecule. Yet it is not
obvious why this enhancement should depend on the
NP size in the particular manner observed in the experi-
ment. We therefore conducted an electromagnetic cal-
culation of the near-field in the junction of a dimer us-
ing the boundary element method?' and studied its
dependence on NP size, excitation wavelength, and the
spacing between the NPs. Retardation effects were ex-
plicitly included. In the following, we limit the discus-
sion to the case where the separation between the two
NPs is 1 nm, which is approximately the length of the
Rh123 molecule, which bridges the gap between NPs.
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Figure 4. (a,b) Measured SERS intensity as a function of the
overall NP radius for two gold core radii. (c) Calculated nor-
malized near-field at the junction of a dimer (with a gap of 1
nm) for Ag dimers with 2, 10, and 20 nm NPs radii. The
dashed line indicates the 532 nm excitation wavelength. It
is seen that as the NP gets larger the dipole mode (marked
by an arrow) moves to longer wavelength and higher multi-
pole peaks appear at shorter wavelengths. The dashed area
represents the range of the Raman spectrum of Rh123.

Figure 4c shows the near-field at midgap as a function
of wavelength for various sizes of NPs (the calculations
are for a plane wave polarized parallel to the principal
axis of the dimer). It is seen that dimers which consist of
small NPs (radius 2 nm) exhibit a single resonance. For
these NP sizes, the quasi-static approximation is valid,
and one obtains a single dipolar plasmon. As the NPs
get larger, this simple spectral behavior changes into a
more complex one: the dipole peak red shifts to longer
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ering the fact that the overall SERS en-
hancement, G(o) = |E(w)|?|Ee|? is a prod-
uct of the enhanced near-fields at the
midgap, E(w) at the excitation frequency,
and E., at the Stokes-shifted frequency.
One can see in Figure 4c that, for small
NPs, the first mode is at a shorter wave-
length than the 532 nm excitation wave-
length, and the overlap between the plas-
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size increases, the dipole mode, marked by
an arrow in Figure 4c, is shifted to longer
wavelengths, and higher multipole peaks
appear at shorter wavelength. As a result,
the overlap of the plasmon spectrum with
the excitation and emission wavelengths
increases. Figure 5a shows the calculated
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Rh123 (634 and 1648 cm™ ") when excited
at 532 nm. Note that molecular enhance-
ment effects on the intensities of the two
modes are not included in this calculation.
These effects, however, remain constant
as the sizes of the NPs change. It is seen
that in the NP size range studied in our ex-
periment (10—22 nm radii) the Raman
spectrum gets stronger as the NP size in-
creases, in a qualitative agreement with
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2000 the observed behavior in Figure 4a,b. One
should note, however, that this depen-
dence does not persist for larger particle
sizes, and a maximum is expected at a cer-
tain large NP size.

Interestingly, increasing the NP size is
not expected to affect different Raman
modes in the same manner. Figure 5b
compares the increase in intensity of the
lowest (634 cm™') and highest (1648 ") Ra-

500

Figure 5. (a) Calculated SERS enhancement at the junction of two core—shell NPs
as a function of NP radius (with a constant Au core of a 6.3 nm radius) for Aeycitation
= 532 nm and Aepission = 550 and 582 nm (which correspond to Raman shifts of 634
and 1648 cm™', respectively). The separation between the two NPs is 1 nm, and
the environment has an effective dielectric constant of 1.5. (b) Enhancement of the
634 cm~' Raman mode relative to that of the 1648 cm~' mode as a function of
the NP radius. The dashed area is the one explored in our experiment. (c—e) SERS
spectra of various Rh123 dimers of a 14 nm radius. (f—h) SERS spectra of various
Rh123 dimers of 22 nm radius. The red and blue arrows identify the 634 and 1648
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wavelengths, and higher multipole peaks appear at
short wavelengths. These changes are attributed mainly
to increased coupling between the NPs with increas-
ing of their size.

The effect of this complex spectral behavior on
the Raman enhancement can be assessed by consid-
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man modes in the spectrum of Rh123 as
the NP size increases. It is seen that the
lowest mode experiences a larger inten-
sity increase (by a factor of 2—3 at this NP
size range) compared to the highest mode.
This effect is indeed seen experimentally.
Figure 5c—h shows a comparison between
the Raman spectra of dimers with 14 nm
NPs and dimers with 22 nm NPs. It can be
clearly seen that spectra of the larger NPs
are tilted such that the low energy lines
are stronger: the intensity of the 634 cm™' mode is
increased by a factor of 1.6 relative to the 1648 cm™
mode as the size of the NP increased from 14 to 22
nm, in excellent agreement with the predicted be-
havior (Figure 5b). The underlying physics can be
easily understood by examining Figure 4c: the low
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energy Raman modes, which are closer in energy to
the laser line, are also closer to the plasmon dipolar
peak. As the NP size is increased, the difference in
plasmonic enhancement between the low and high
energy parts of the Raman spectrum increases and
the spectrum is tilted.

This behavior is closely related to the recent report
on shaping the emission spectra of fluorescent mol-
ecules with plasmonic nanoresonators.'” In that work,
the control parameter was the distance between the
NPs, while in our work, it is the NP size. In both cases,
the change of the control parameter caused the plas-
monic spectrum to red shift and thereby affected the
overlap with the Raman or fluorescence spectrum. It ap-

MATERIALS AND METHODS

Silver NPs were prepared following the Lee —Meisel proto-
col.” The synthesis process of core—shell of gold—silver NPs
started with the preparation of monodispersed gold seeds of a
radius of 6.3 or 9.2 nm (characterization of the nanoparticles was
carried out using TEM; the typical standard deviation is below
10%).2* These gold seeds were added to a 50 mL solution of Ag-
NOjs in double-distilled water (DDW) (concentrations are listed
in Table 1), which was heated to 70 °C in a reflux setup. Then, 4
mL of 1% trisodium citrate was added. The solution changed its
reddish color to yellow and was further boiled for 90 min. Col-
loids with a relatively narrow size distribution were obtained and
characterized by a standard deviation of less than 15% of the di-
ameter, as determined from TEM images.

The preparation of T4-bridged Ag NPs was carried out follow-
ing the procedures in Dadosh et al.'® T4 (inset Figure 1) was syn-
thesized with thioester protecting groups at both ends.'® Then,
the protected T4 was dissolved in tetrahydrofuran (THF) at 1 X
107 M. Ammonium hydroxide (10 pL of 15 M) was added to 1
mL of the T4 solution, and the mixture was incubated for 60 min
to cleave the thioester protecting groups. An equivalent amount
of acetic acid (10 p.L of 16 M) was added for neutralization; the
unprotected T4 solution was diluted in DDW to 0.1 nM, and 100
L was mixed immediately with 900 pL of the Ag colloid solution
made up by mixing 390 L of DDW, 10 pL of 100 mM NaCl,
and 500 plL of 0.2 nM Ag NPs. The 1:10 ratio of bridging mol-
ecules to NPs was chosen to ensure the formation of single mol-
ecule bridges. The reaction mixture was incubated at 4 °C for
24 h, and the concentration of the bridged NPs was increased
from 10 to 30% by mild centrifugation (determined by count-
ing the NPs dimers in the solution deposited on a copper grid us-
ing TEM). We note that there was a large fraction of dimers which
were formed due to salt aggregation and did not give rise to Ra-
man signal. Rh123-bridged Ag NPs were prepared by using the
same method. Rh123 was dissolved in ethanol at approximately
107°M (the concentration was determined by its absorption at

TABLE 1. Reaction Conditions for Core—Shell Particle
Synthesis and Sizes of Resulting Particles

AgNO; Au core Au core colloid radius standard
[mM] [nM] radius [nm] (core + shell) [nm] deviation [%]
0.26 1.05 6.3 22 15
0.48 0.95 6.3 17 14
0.24 0.95 6.3 14 13
0.43 0.86 6.3 13 12
0.10 0.95 6.3 10 9
0.76 0.45 9.2 24 13
0.19 0.45 9.2 16 10
0.08 0.45 9.2 12 9

www.acsnano.org

pears, however, that the technique demonstrated in
our work has an inherent advantage, as it allows the
manipulation of the spectrum at the single molecule
level, where the distance between the NPs is fixed by
the molecule’s length.

As a final note, we wish to comment that we have
previously shown that the dimer structure is also a con-
venient system for electrically contacting a single or-
ganic molecule."® The fact that this same structure gives
rise to a pronounced Raman signal may pave the way
for simultaneous measurements of the transport and
Raman properties and thereby give access into the
coupling between electrical transport and inelastic scat-
tering at the molecule.?

510 nm using its extinction of 85000 M~' cm™), diluted in DDW
to 0.1 nM, and 100 p.L was mixed with 900 p.L of the Ag colloid
solution made up by mixing 390 pL of DDW, 10 pL of 100 mM
NaCl, and 500 pL of 0.2 nM Ag NPs. Incubation and concentra-
tion of the Rh123-bridged NPs were as described above.

To facilitate identifying nanoparticle structures that give rise
to SERS hot spots, we prepared a substrate labeled with grid of
10 wm X 10 wm squares using optical lithography. Image rever-
sal photoresist AZ5214E was used for patterning (spin coating
5000 rpm, 40 s, baked at 100 °C for 5.5 min) microcover glasses
(Thomas) with the dimensions of 18 X 18 mm and 1.5 mm thick-
ness. The glass and the electron-beam defined grid mask were
aligned and exposed to 415 nm light at 15 mW for 5.5 s, then
baked (1 min at 120 °C) and flood exposed for 1.5 min. The pat-
tern was developed with developer AZ726 for 25 s, followed by
thermal evaporation of a Ti (5 nm) adhesion layer and a 200 nm
Au layer, and lifted off.

Samples for SERS measurements were prepared using the
predefined substrate. The substrate was glued to a Teflon holder
using nail polish. Polylysine (1 mg/mL) was adsorbed on the
glass for 30 min, and the glass was then washed with DDW and
blow-dried with air. The sample solution was drop-cast for about
10 min (while keeping it in dark), washed with DDW, and then
blow-dried with air. After performing the SERS measurements,
the sample was examined with SEM. The sample was coated be-
fore imaging in the SEM with a 2 nm layer of titanium to in-
crease the quality of the SEM images by avoiding excessive
charging by the electron beam.
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