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ABSTRACT 

Surface enhanced Raman scattering of pyridine adsorbed to weakly 

roughened silver films is studied using a well-characterized extended 

surface plasmon excitation. We show that the additional increase in the 

Raman signal associated with the extended surface plasmon is fully ac-

counted for by the enhancement in the average macroscopic field. 
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Surface enhanced Raman scattering (SERS) has recently stimulated a 

1 2 tremendous amount of experimental and theoretical research. ' It is 

now believed by most researchers that the local field enhancement arising 

from surface plasmon excitation on rough metal structures is largely re-

3-6 sponsible for the observation. In the literature, however, there is 

sometimes confusion about enhancement due to localized3- 6 and extended7 

surface plasmon excitation. Localized surface plasmons exist on metal 

structures with dimensions small compared to a wavelength. Extended sur-

face plasmons occur on macroscopic surfaces with dimensions larger than 

a wavelength. 

. 1 5,8 sJ.gna s. 

Both can give rise to enhanced fields and enhanced Raman 

But on a very rough metal surface, it is the former that is 

mainly responsible for SERS. In this paper, we report an experiment 

which clearly separates the contribution of extended surface plasmons to 

SERS from that of localized surface plasmons and metal-molecule interac-

tion. 

On a small metal structure, the local field can be generally written 

as E1 (w) = L(w)E(w), where L(w) is the local field correction factor oc 

and E(w) is the macroscopic field. For a metal sphere with a dielectric 

constant 

e:(w), we 

sonance, 

"" E (w) immersed in a dielectric medium with a dielectric constant 
m 

4 
have L(w) ex: (E - s)/(s + 2s). At the local surface plasmon re-

m m 

Re[e: + 2e:] = 0, and L(w) is resonantly enhanced. 
m 

For a metal 

structure of more general shape, L(w) ex: 1/f(e:)which is resonantly en-m . 

hanced when Re [ f ( E ) ] = 0. The Raman signal from an adsorbed molecule on 
m 

a metal structure is given by4 

cont'd 

\). 
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(1) 

where w£. and ws are the laser and Stokes frequencies respectively. We 

note that the effective Raman cross-section can be enhanced through the. 

resonant enhancement of L(w£.) and L(ws) and also through the enhancement 

of crR via metal-molecule interaction, although the latter is believed to 

account for an enhancement factor of less than 100. The enhancement of 

creff over crR' - 10
6 

for pyridine on rough Ag, is what is known as SERS. 

The Raman signal can also be enhanced by increasing the macroscopic 

f . ld E ( ) h h f 1 d d f 1 · · 7 ' 8 
1e. w£. t roug , or examp e, exten e sur ace p asmon exc1tat1on. 

This should be distinguished from SERS since it is not an intrinsic pro-

perty of the system. 

Our experiment was designed to show that the extended surface plas-

mon excitation leads to additional enhancement, instead ofbeing just part of 

the enhancement in the usual SERS. An extended surface plasmon wave was 

propagated on an electrolytically cycled Ag surface. Then, from the 

measured wave propagation properties, the surface macroscopic field E(w) 

could be calculated using a multilayer Fresnel coefficient, 7 •9 and the 

effective Raman cross-section cr eff of the adsorbed molecules could be ·· 

estimated from the observed Raman signal in comparison with that obtained 

from the usual Raman excitation geometry. The experimental setup is 
., 

shown in Fig. 1. The sample cell was made of teflon bounded on opposite 

sides by a glass window and by an F2 glass equilateral prism, on which a 

thin layer of Cr (- 70 A) followed by a layer of Ag (- 400 A) had been 

evaporated. The cell contained 0.1 M KC£ and 0.05 M pyridine in doubly 

distilled water, continuously purged with N
2 

gas. In addition to the Ag 
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film electrode, a platinum working electrode and a reference saturated 

calomel electrode (SCE) were submerged in the cell. After weak electro-

lytic cycling, pyridine molecules could be adsorbed on ,the roughened Ag 

film with a negative silver-SCE potential, VAg-SCE' The entire cell-

prism assembly was mounted on a rotation table controlled by a stepping 

motor. Excitation of extended surface plasmons on the Ag-liquid inter-

face using the Kretschmann attenuated total internal reflection (ATR) 

geometry could then be monitored by measuring the reflectivity from the 

prism side as a function of angle, and the intensity of the surface plas­

mon field could be calculated from the reflectivity curve. 7•9 We used a 

p-polarized Ar+ laser beam at 5145 A with a beam cross-section of 3 mm x 

0.25 mm at the Ag-liquid interface for excitation. The extended surface 

plasmon field induc:ed Raman scattering from the· adsorbed pyridine. molecules. 

The scattered light was collected through the glass window, approximate-

ly along the normal of the metal film, and was detected and analyzed by 

a spectrometer-photomultiplier-photon counting system. This signal was 

compared to that induced by an alternative beam, as illustrated in Fig. 

1, which could be blocked or unblocked, and focused to the same spot on 

the Ag film from the liquid side so that negligible coupling to the ex­

-1 tended surface plasmon occurred. We concentrated on the 1005 em mode 

of pyridine. If the extended surface plasmon did not contribute to SERS, 

then the ratio of the two Raman signals should be simply proportional to 

the intensity ratio of the extended surface plasmon to the beam excita-

tion from the liquid side. 

For a freshly evaporated metal film, the experimental reflectivity 

measured from the prism side as a function of the angle of incidence is 

).:., 
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shown in Fig. 2a, together with the theoretical fit calculated from a 

three interface Fresnel coefficient, with dielectric constants £ = 2.652, 
p 

£Cr = - 2.75 + i 25.7, £Ag =- 10.66 + i 0.81, and £t = 1.814, and film 

thicknesses dCr = 70 A and dA = 402 A, where the subs·cripts p and t re­
. g 

fer to the prism and liquid respectively. The optimum extended surface 

plasmon excitation and the maximum field enhancement, IE /E 1
2 = 17, 

esp p max 

at the metal-liquid interface occur near the reflectivity minimum, but 

slightly shifted, mostly as a result of the presence of the lossy Cr 

10 layer, where the subscript esp refers to the ex):ended surface plasmon. 

Before any electrolytic cycling, no Raman signal was observed with the 

extended surface plasmon excitation, and only a weak Raman signal arising 

from the pyridine (.05 M) in s.olution was observed with the conventional 

liquid-side excitation. Then, a single oxidation-reduction cycle was 

performed, with a total charge transfer of- 4.7 mCoul/cm2 corresponding 

to an average removal and redeposition of - 20 layers of Ag. Following 

the electrolytic cycle, although the cosmetic appearance of the fil~ was 

unchanged, the amount of elastically scattered light visibly increased, 

and the ATR reflectivity curve of the multilayer system appeared somewhat 

broader, as illustrated in Fig. 2b. 11 Also, over the subsequent period 

of 24 hours, there was no further broadening and very little change in 

the ATR curve. In fitting the reflectivity curve shown in Fig. 2b, the 

weakly roughened metal film was modeled by introducing a thin "rough" 

layer at the metal-liquid interface, with a thickness - 26 A and a com-

plex dielectric constant £ = 1.52 + i 1.12, and by reducing the thickness 

of the Ag film to dAg 336 A. tve believe that the deviation between the 

theoretical fit and the experimental curve, as well as the low value of 
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dAg results from 1) an oversimplified model of the roughened silver sur­

face and/or 2) the assumption that both absorption and elastic scatter-

ing can be modeled by a non-zero angle-independent imaginary part of E. 

Nevertheless, the value of IE /E 1
2 = 5.5 is relatively insens~tive 

esp . p max 

to the particular parameters used to fit the ATR reflectivity curve, as 

long as the angular width and minimum reflectivity, corresponding to the 

damping of and the coupling to the extended surface plasmon approximately 

h h . 1 1 12 mate t e exper~menta va ues. 

Following the electrolytic cycle, both the conventional liquid-side 

excitation and the extended surface plasmon excitation gave rise to a 

large SERS signal, displaying the same dependence on VAg-SCE' in agree-

1 rilent with that reported by Jeanmaire and Van Duyne. In addition, the 

ratio of the two SERS signals.as a function of VAg-SCE was constant to 

within 4%, demonstrating that both techniques probed the same adsorbed 

molecules. Further confirmation that the SERS signals originated from 

the adsorbed molecul~s was provided by the following measurement. The 

Raman enhancement disappeared after the electrolytically cycled film was 

irradiated with five successive pulses of - 16 mJ/cm
2 

Q-switched ruby 

laser pulses incident from the prism side at the angle for optimal ex-

tended surface plasmon excitation. The heat generated in the film by 

the irradiation presumably dislodged the adsorbed molecules. The desorp-

tion was irreversible~ while the effect of the irradiation on the non-

adsorbed molecules should have been reversible. 

By comparing the Raman signal at V = - 0.6 V before and after Ag-SCE 

the weak electrolytic cycle using the conventional liquid-side excitation, 

we estimated that crSERS ...._ 104crR, assuming a uniform layer of adsorbed 
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molecules. This relatively weak enhancement, about two orders of magni-

1 tude smaller than that reported by Jeanmaire and Van Duyne is a result 

of the weaker oxidation-reduction cycle. With stronger cycles of - 50 

2 mCoul/cm on bulk Ag samples, we also observed SERS enhancements of 

- 10
6

• 

To assess the contribution of the extended surface plasmon field 

enhancement, we monitored the Raman signal with the prism-side excitation 

as a function of the angle of incidence e, or equivalently, of the inten-

sity of the extended surface plasmon. The ratio of this Raman signal to 

that measured from the liquid-side excitation is given by jE /E j2 
x esp p 

/g~/Ep' assuming the same incident laser fluences in the prism and the 

liquid and the same excitation areas on the film, and is plotted versus 6 

in Fig. 3. The experimental data had an overall uncertainty of 50%, re-

suiting mostly from the uncertainty in the overlap of the excitation 

areas. The theoretical curve in Fig. 3, using jE /E j2 (e) calculated 
esp p 

from the measured reflectivity curve in Fig. 2b, shows good agreement with 

the experimental data, in the position, width, and absolute magnitude, 

within the experimental uncertainty. The small shift of - 0.5° ·between 

the theoretical and experimental curves is most likely the result of our 

oversimplified model of the rough silver film. The good agreement in the 

maximum value of jE . /E 1
2 between the theory and experiment unambiguous­esp p 

ly demonstrates that the increase of the Raman signal associated with the 

extended surface plasmon excitation supplements the existing SERS signal 

and can be completely understood by the enhancement of the average macro-

scopic field at the metal-liquid interface. This result makes it impro-

per to invoke a SERS mechanism involving an extended surface plasmon. 
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Additional cycles of 4.7 mCoul/cm2 in our experiment broadened the extend-

ed surface plasmon dip in the reflectivity curve beyond recognition and 

hence reduced the value of IE /E 1
2 • Yet, using the prism-side excita­esp p 

tion, the SERS signal continued to increase in strength, presumably be-

cause of the increased surface roughness. This result again supports the 

picture that extended surface plasmons do not contribute to the usual SERS. 

We now mention a number of other related observations in our experi-

ment using extended surface plasmon excitation. First, a broad lumines-

13 cent background was always observed, with or without pyridine in the 

electrolytic solution. Its intensity increased with electrolytic cycling 

in agreement with the literature. Second, by rotating the input polari-

zation from p t'o s, the Raman signal decreased by - 50 to 100 times, in 

general agreement with the decrease of the estimated exciting beam inten-

sity at the silver-liquid interface. Third, with a p-polarized input, the 

polarization properties of the elastically scattered and Raman scattered 

light were measured before and.after a single electrolytic cycle. Before 

cycling, the ratio of p to s polarized elastically scattered light was 

greater than 30 to 1. After cycling, it was still 4 to 1, in contrast to 

the Raman scattered · light which was totally unpolarized. This indicates 

that multiple scattering arising from the surface roughness was not the 

cause of the Raman depolarization. Instead, the random orientation of the 

adsorbed molecule is most likely the explanation for the depolarization. 

Fourth, the enhanced Raman signal from the adsorbed molecules was also de-

tected on the prism side, in the general direction expected for extended 

. 14 
surface plasmon coupling at the Stokes frequency. Finally, in a separ-

ate experiment using the same weakly cycled silver film as used for the 

:,., 
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SERS measurements of Fig. 3, we observed 5 x 102 enhancement in the se­

cond harmonic signal6 from the rough silver-air interface, instead of 104 

from a strongly cycled rough Ag surface, l.n comparison.to that from a 

smooth silver-air interface. This relatively weak surface enhanced se­

cond harmonic signal is consistent with the relatively weak 104 SERS en­

hancement, and is presumably a result of the weak electrolytic cycle cre­

ating a relatively less rough Ag surface. 

In conclusion, we have shown that surface ·enhanced Raman scattering 

can be studied by a well-characterized extended surface plasmon excita­

tion on an electrochemically processed silver film. The additional in­

crease in the Raman signal associated with the extended surface plasmon 

is fully accounted for by the enhancement in the average macroscopic 

field at the metal-liquid interface. 

One of us, H.W.K.T., gratefully acknowledges partial support from 

a Hughes Doctoral Fellowshi-p. This work was supported by the· Director, 

Office of Energy Research, Office of Basic Energy Sciences, Haterials 

Sciences Division of the U.S. Department of Energy under Contract No. 

W-7405-ENG-48. 
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Figure Captions 

1 
Fig. 1 Schematic of. the experimental setup. The angle of incidence, 8, 

is defined at the prism-metal film interface. 

Fig. 2 Reflectivity (absolute) of the· prism-metal film-liquid assembly, 

a) before and b) after a weak electrolytic cycle, versus 8. The 

solid curve is the experimental data and the dots show the theo-

retical fit to the data. 

Fig. 3 Experimentally measured ratio of SERS signals of prism-side to 
. . 2 

liquid-side excitation (dots). and calculated IE /E I (solid esp p 

curve) versus 8. 

.. 

v 
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