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Some background

1976 -- Fleischman and coworkers (Southampton) observe unusually
intense Raman scattering from pyridine adsorbed on electrochemically
roughened silver. They ascribe the intensity to the increased surface area.

1977 -- Rick Van Duyne (Northwestern) and Alan Creighton (Kent) repeat
these measurements and conclude that the enhancement is ~10° - 106 --
much too large to account for, by the increased surface area alone.
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SERS seemed to have several common
characteristics

‘It required nanostructured metal

*Only a few metals seemed to produce very strong
enhancements (Ag, Au, alkalis, less so with P+, Al,
In)

It was a resonant process (some wavelengths
worked well, others not)

-The molecule didn't have to be adsorbed on the
metal, but there was extra enhancement when it
was.



But multi-particle effects overwhelm single-particle signals. This is why single-
particle excitation spectra have not been conclusively reported.

Most SERS-active systems are, in-fact, systems of interacting
particles with enhancements significantly larger that that of
single particles.

Rough surfaces possessing
small, closely coupled

features
Dimers and other small
clusters of nanoparticles
Colloid cluster High-enhancement can also be achieved with

particles if appropriate geometry. E.g. prolate
ellipsoids or VanDuyne’s triangular particles
produced using nanosphere lithography.
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Benzene SERS from 105 K Surfaces
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" These two band, the second and

third-most intense bands in the
spectrum, are Raman forbidden.

This may be due to symmetry-
lowering due to adsorption. But
the small frequency shifts

~ compared with solution-phase

benzene makes it unlikely that
such intense bands result from
the small deformation of the
benzene molecule due to its
bonding to the Ag surface



The Raman selection rules are determined by the condition that
the induced transition dipole between the initial and final states
belong to the totally symmetrical representation. . Because the
ground state if often totally symmetric, this means that the
excited state vibration must span the same representation that
also spans . And since the expression for u, 1s normally
truncated at , the Raman active modes are those that span the
same 1rreducible representations as components of a.. Now the
polarizability 1s a second rank tensor that transforms as
products of two translations, and because (classically) it arises
from the summation of the distances of charges of the
molecule, the magnitude of its components are of the order of
~a, %, where a,, is ~ the molecular dimension.



In general, the expression for u 1s an infinite series in which the
third term 1s , in which 4 1s a third rank tensor that transforms as
the product of three translations. The dyadic of the field (in the
far field), in rough terms can be written . Hence the ratio of the
third term to that of the second term 1n the far field 1s = ~2ra,,/A.
Molecular sizes are ~1/500 of the size of wavelengths. Hence, in
the far field one normally doesn’t see modes enabled by the third
term of the above equation.

A >




But near a metal surface all this is changed. The field
inside the metal falls rapidly to zero hence the rate
of change of field intensity near the metal is large
and the ratio of the above terms becomes ~ qa,,/a,,
where a is the distance over which the field drops
by a unit measure near the surface. Hence vibrational
modes that transform as the product of three
translations become Raman active for molecules near

metal surfaces.
iolecule
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FIG. 7. Comparison of the local fractal dimension
Dimeasured), calculated for numerically generated fractal sur-
faces as a function of Diinput), the fractal dimension assumed in
the simulation. Circles refer to the values of D calculated using
power spectrum analysis, triangles to triangulation, and squares
10 cube counting.
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A value of a = 04 is
also what one
normally calculates
(and obtains
experimentally) for
metal on metal
growth. The fractal
dimension measured
for our rough films
(2.6) correspond to a
value of oo = 0.4
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How well does a hano-
rough silver surface
approximate a layer of
silver nanoparticles
deposited on a smooth
silver substrate,
optically?

How is this structure related
to Optics and photonics?

deposited silver film,

R zox “Ksd Ellipsometric spectroscopy of cold-

McBreen et al J. Appl. Phys. 54 329
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The 2-photon electron emission Quantum Yield from rough
films is enhanced approximately 1000-fold compared to
smooth films due to the involvement of Localized Surface
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There are resonances involved,
Douketis et al J. Chem. Phys. 113, 11315
(2000)
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Dp = L For a small particle with radius much smaller

g, + 3 than the wavelength, the oscillating incident
field induces only a dipole whose magnitude is
given by aE,. The expression for the
polarizabili’ry of the dielectric sphere has a
pole at a frequency w,. The resonance can be
very sharp when the sphere is very conductive
and free from interband transitions.
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Kaéll and Xu
Basic electromagnetic theory of SERS: the em field enhancement,
B, enters as p* although the enhanced Raman intensity-is — -
proportional to E_ 2, that is, to the incident intensi ESE§SIS’

therefore, a linear effect despite the p# dependenu__: y 8

The enhancement both
of the incident and
Raman-scattered field
comes out of the
redistribution of the
incident em energy
surrounding the particle.

Enhancement, G=I¢/I1
large Stokes shifts.

~ (4 for small Stokes shift and ~ 24 for very

Raman



Nanostructural details of
the optical response of a
fractal silver cluster or a
self-affine nano-rough
silver film

A=1pum

|E/Eql?

2x10°

1%10°

0.0 um

Stockman et al.

Shalaeyv et al.

Fractal clusters of
nanoparticles excited in
the surface plasmon
region are predicted to
possess "hot spots”
where the SERS
enhancement is
expected to be as large
as 10!, These hot spots
correspond to localized
normal modes of
coupled, dipolar surface
plasmons, each
oscillator resident on a
nanoparticle.



Silver Colloid Clusters
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Corroborative observations by near-field microscopy
TOPOGRAPHIC AND OPTICAL

A=500 nm Tepograhical image
= = . -

458 nm 476 nm 488 nm 515 nm

Hot spot activity observed in fractal aggregates of nanoparticles
by near-field microscopy (Tay et al) is in close agreement with what
is predicted using discrete dipole approximation (Shalaev, Markel).
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Observed

Near-field Rayleigh excitation spectra of fractal nanoparticle

“aggregate show strong evidence of individual plasmon
normal modes. These are almost totally washed washed out
in the far field.



Near-Field Raman Maps of Phthalazine on Ag Film
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Near-field Phthalazine Raman spectrum

(A) map of 1465 cm’' peak (B) map of 810 cm™' peak (C)map of -530 cm™' peak

Tay et al -- hot spots are seen in near-field SERS as well



Far-Field Raman Maps of R6G on Ag Films
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The near-field images (shown previously) contrasts with far-
field image (Tay et al.) above. The hot spots are averaged
out.
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2-photon, rough Ag
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FIG. 5. The volume fraction of a semispherical protrusion from
which electrons moving along the wave vector can reach the metal-
vacuum interface.
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The Rebirth of
SERS as a single-
molecule effect

Shuming Nie and
Steven R. Emory

SCTENCE 275, 1102
1997

Fig. 1} 8ingle|AQ nano-
particles imaged with eva-
nascent-wave excitation.
Total internal reflection of
the laser beam at the
Qlass-liquid Interface was
used to reducs the lassr
scattering  background.
The instrument setup for
evanescant-wave micros-
copy was adapted from
Funatsuetal (77). Theim-
ages werea directly record-
ed on color photographic
film (ASA-1G00 with a
S0-8 exposure by a Mikon
35-mm camera attached
o the microscope. (&) LIn-
filtered photodraph shiow-
ing =scattered laser light
from all particles immoti-
lFed on a polvlysine-coat-
ed surface. (B) Fittered
photographs taken from a
blark Ag collold sample
iincubated with 1 mi
Mall and no REG analte
maolecules). (C) and (D) Fil-
terad photographs talen
from a Ag colloid sample
incubated with 2 = 40—
M REG. These images
wiere aselected to show at
l=ast one Raman scatter-
ing particle, Different ar-
eas of the cover slip were
rapidly screenad, and most fields of view did not contain visible particles. (E) Fitered photograph taken from
Ag colbid incubated with 2 = 10719 M REG. (F) Fittered photograph taken from Ag collold incubated with 2
* 107 M REG. A high-performance bandpass filter was used to remove the scatterad laser light and to pass
Stokes-shifted Raman signals from 540 to 580 nm (920 to 2200 cm™ ). Continuous-wave excitation at 514.5
nm was provicded by an Ar ion laser. The total laser power at the sample wes 10 mW. Note the color
differences between the scattersd laser light in (&) and the red-shifted light in () through (5.




Fig. 3. Surface-en- & —
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of REG obtained with a || = Nancparticls
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linearly polarized confio-
cal laser baam from two
Ag nanoparticles. The
REG concentration was
2w 407" M, comre-
sponding to an average
of 0.1 anakte moleculs
per padicle. The dires-
tion of lasar polarization
and the expected parti-
cle orientation are shown
achematically  for each
gpaectrum. Laser wave-
length, 514.5 nim; laser
power, 250 nW; lasar fo-

cal radius, ~250 nm; In- R wﬂu )
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Some features of Single Molecule SERS:

1. Low density of hot molecules

2. Early saturation with coverage - addition of adsorbate doesn't
increase SERS signal.

3. The higher the adsorbate dose the more hot particles appear
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Figure 3. Polarpiots of the Raman intensity of al spot A and b) spot Cin Figure 2
versus polarization angle o (@), and fit (—) to a cos*(a — o) dependency in al.
The Raman intensity scale fa.w.) corresponds to 500 and 2000 counts per division
in a) and b), respectively.
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Figure 4. Local intensity enhancement M, = [E,./E.F in logarithmic scale in a
plane through the centers of the Ag spheres and perpendicular to the incident
wave-vector k versus incident polarization: a) &7, b)30°, ¢) 60° and d) 907, The
arrows represent the different polarizations. In g), we show the SERS enhancement
factor M= M/ (dots) as a function the incident polarization a for g point in the
nanogap located at the dimer axis &= 0.5 nm away from one spherical surface,
and fit (solid line) to a cos*(a) dependency in f), we show M (@) averaged over ail
points & = 0.5 nm outside the Ag sphere surfaces versus a, and fit (—) to a
cos*{n) dependency. The radius R= 45 nm corresponds to the average size of the
Ag nanoparticles used in the experiment while the separation distance d= 55 nm
corresponds to the diameter of a Hb molecule: The incident wavelength is
S14.5nm inall cases. Calcwlations were performed using a dielectric function for
Ag based on experimental data!™



This explanation accounts for all of the major observations reported
in single-molecule SERS experiments:

1. Low density of hot molecules -- only aggregates with highly
effective hot spots and only molecules residing in hot spots are
active.

2. Early saturation with coverage -- once the hot spot is occupied
further adsorption doesn't contribute significantly to the Raman
signal. The high field gradients may actually draw molecules with
permanent or induced dipoles into the hot spot causing the hot spots
to be preferentially occupied to an extent exceeding simple
probability.

3. The higher the adsorbate dose the more hot particles appear --
the probability that a molecule will land in a hot spot increases with
increasing dose.





