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Studies of surface-enhanced Raman scattering from pyridine adsorbed on Ag surfaces
in ultrahigh vacuum show a strong dependence on both surface roughness and pyridine
coverage. The observation of enhancement {104) for physisorbed pyridine multilayers
in addition to the first molecular layer implies that the enhanced effect is electromag-
netic rather than chemical in origin.

PACS numbers: 78.30.Jw

Recent observations of Raman scattering from
adsorbed molecules near Ag surfaces have been
interpreted in terms of a giant enhancement (-10'
—10') of the Raman cross section of molecules in
the first monolayer in contact with the Ag surface.
These experiments have been performed with
solid-solid interfaces (i.e. , tunnel-junction geom-
etries), solid-liquid interfaces (i.e., electro-
chemical cells), and more recently solid-vacuum
studies in ultrahigh vacuum (UHV). ' The last
geometry has some specific advantages because
of the possibilities of in situ surface character-
ization and continuous variation of surface cover-
age. Both of these features are important to test
several of the proposed theoretical mechanisms
of the surface-enhanced Raman effect. We have
studied surface-enhanced Raman scattering
(SERS) by performing UHV measurements on a
variety of Ag surfaces characterized by Auger-
electron spectroscopy (AES) and low-energy elec-
tron diffraction (LEED). Both surface-roughness
and adsorbate-coverage dependences have been
measured which suggest that the dominant con-
tribution to SERS is electromagnetic rather than

chemical in origin.
The apparatus used for Raman measurements

was a multiple-technique UHV chamber which
has been previously described. 4 The Raman scat-
tering was performed primarily with the 4880-A
line from an Ar-ion laser although some meas-
urements were also performed at 5145 and 4965
A to verify the inelastic scattering nature of the
main features observed. The laser light was di-
rected at the Ag sample at 0, =65 angle of inci-
dence; it was p polarized and the scattered light
was collected in a -40' cone near the surface
normal. This geometry is similar to that pre-
viously used in most electrochemical cell experi-
ments. The scattered light was analyzed by a
double-grating spectrometer and photon counting
detection operated with a resolution typically -8
cm '.

Pyridine was deposited with sample tempera-
ture T ~135 K by filling the experimental chamber
with pyridine vapor to a pressure 10 -10 '
Torr and the coverage was determined from con-
densation kinetics measured by AES measure-
ments at a pressure of 10 ' Torr. ' Figure 1
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shows the carbon atom thickness as a function
of pyridine exposure. The AES calibration used
escape depths of 8 A and measurements on clean
elemental Ag and C samples to determine the
sensitivity factors for our spectrometer in units
of atoms/cm'. For our low-resolution AES (~
)3 eV) we assume no difference in the sensitivity
factor for pyridine-carbon AES intensity and ele-
mental carbon. For an estimated ion gauge fac-
tor of 3 for pyridine vapor, the sticking or con-
densation coefficient at sample temperatures T

150 K ranged from n =0.6-0.7 at low coverage
[less than 8=(3+ 1) x10" molecules/cm'] to n
=0.3-0.4 at higher coverage. We find that the
condensation coefficient remains at n = 0.3—0.4
from 0= 3x10"to 8) 8 x10'4 molecules/cm' (i.e.,
from 1 to 3 monolayers) and assume that this

UNCORRECTED EXPOSURE (LANGMUiRS)

FIG. 1. Carbon Auger signal vs uncorrected ion-
gauge exposure (1L= 10 6 Torr sec). The initial clean
Ag surface has less than 10'4 atoms/cm' carbon im-
purities.

value represents growth of the bulk pyridine solid.
The average area of adsorbed pyridine relative
to the observed Ag atom density is -33 A' per
molecule and the observed break in condensation
corresponds to completion of one molecular layer.
Direct Auger determination of the coverage was
limited to less than (8.5 + 1.0) x 10'4 molecules/
cm', i.e., 3 layers, because of irreversible elec-
tron-beam-induced damage. Higher coverages
were extrapolated from the sticking coefficient
determined by Auger spectroscopy for the second
and third layer since bulk condensation has al-
ready occurred.

The main results on surface roughness and
sample dependence that were observed for SERS

. of adsorbed pyridine are given in Table I. We
observe no Raman signal for a monolayer of
pyridine for low-index Ag(111) and Ag(100) sur-
faces, for stepped Ag(100) surfaces, or selec-
tively etched Ag(100) with -2 —5- pm facets. The
Raman enhancement must be less than 10', the
sensitivity threshold of our Raman spectrometer
for 3 &&10" pyridine molecules/cm'. We could
observe measurable signals from thick condensed
layers with a typical thickness of ~5 &10"mole-
cules/cm'. The Ag particle dimensions of the
lower four samples listed in Table I were deter-
mined by scanning electron microscopy (SEM)
in a separate apparatus after the UHV Raman
experiments were completed. The low-index and
stepped Ag surfaces show only shallow ripples of
vertical height -150 A under SEM.

The samples which we find show a large SERS
(factors of -5x10' for low coverage) have a sur-

TABLE I. Summary of UHV raman experiments for samples vs rough-
ness.

Sample
Raman

enhancement
Roughness

(average radius or step height)

Ag(111)
Ag(100)
Ag(100) 6'
Ag(100) + CN solution
Ag(100) + I film

A.

B
Ag(100) + H, O, etch

] 102~
1-10"
1 10~

104

-5x 104
-5x 10~

1 10

Smooth —shallow ripples ( 200 A
Smooth —shallow ripples & 200 A

Atomic steps (-2 A && 20 A)
-500-A particles

-500-A particles
0-2000-A particles

-2-5-p, m facets

Raman signals were observed only for pyridine films of 20-50 mono-
layers which we interpret as evidence for a maximum enhancement fac-
tor -10'.

These samples were cut 6' away from the (100) surface in a [110]azi-
muth which displayed LEED spot splitting due to atomic steps.
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face roughness consisting of -500-A-radius Ag
particles (approximately spherical in shape) sep-
arated by -1500—3000 A. Sample A (viz. , data
shown in Fig. 1 and Table I) was prepared by
exposing a, UHV-cleaned Ag (100) surface to I,
vapor and 4880 A laser light, producing —500 A-
radius Ag particles photochemically. Rutherford
backscattering results in a channeling alignment
of the Ag crystal revealed the presence of "dis-
ordered" Ag consistent with the size and density
of the -500-A-radius Ag particles. Very similar
size Ag particles were produced on samples
processed in an electrochemical cell with a single
oxidation-reduction cycle as described by Berg-
man et al. ' and by Furtak. ' The large SERS due
to adsorbed pyridine was also found on electro-
chemically roughened Ag samples after they were
Ar-sputter etched in UHV to remove all impuri-
ties detectable by AES prior to pyridine adsorp-
tion. Thus the presence of the AgI film (-10-15
A) on some Ag surfaces does not appear to have
influenced our SERS results. For Sample B (see
Table I) with -2000-A-radius particles of Ag
which touch and overlap we find Raman signals
about 10 times smaller at the monolayer coverage
(-3 x10" molecules/cm'). The fact that only
-500 A-scale roughness gave rise to large SERS

effects suggests that adatom models, ' image-
charge models, ""electronic resonance mod-
els '"'" and conventional surface-plasmon mod-
els'" of SERS must be modified to include the
electromagnetic antennalike enhancement of the
small Ag particles. '

Typical Raman spectra for sample A listed in
Table I are shown in Fig. 2 for coverages ranging
from a background spectrum with no intentional
exposure to pyridine vapor up to a pyridine cover-
age of 11 &&10'» molecules/cm'. The different
coverage behavior of the Raman peaks with Av
= 991 cm and Av = 1003 cm ' is interpreted as
due to the v, modes" of two different adsorbed
states corresponding to the first layer and suc-
ceeding layers, respectively, with overlapping
v modes" at 1032 cm '. The Raman shift be-12

tween the two species is comparable to the shift
between neat liquid pyridine and pyridine hydro-
gen-bonded to a polar molecule, "although in
UHV surface experiments both species are weak-
ly bound to the Ag surface and desorb below
room temperature.

The coverage dependence of the SERS intensity
is shown in Fig. 3 where the error bars repre-
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FIG. 2. Raman spectra for pyridine adsorbed on
Ag{100) which was roughened with the iodine film
treatment {see text). The coverage of pyridine mole-
cules per cm' is given on the right of each curve.
The zero-intensity position is given at the left of each
curve.

FIG. 3. Raman scattering intensity as a function of
coverage of pyridine molecules per cm2. The intensity
of the 1003- and 991-cm ' peaks was measured above
the smooth background. The 1032-cm ' peak has a
coverage dependence which is intermediate between
that of the 1003- and 991-cm ' peaks. The error bars
include only counting statistics and do not allow for
systematic uncertainties due to overlapping peaks.
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sent counting statistical uncertainty and the
dashed lines are a guide to the general trend.
Our coverage does not agree with the results of
Ref. 3 since we fill the UHV chamber to an equili-
brium pressure and keep the sample below the
condensation temperature. Reducing the pressure
by a factor of -500 does not cause evaporation of
condensed pyridine. Thus we can determine the
coverage directly from the incident molecular
flux if a condensation coefficient near unity is
assumed. Apparently the authors of Ref. 3 by
using a nozzle dosing technique underestimate
their pyridine flux by a factor of -60—100. The
1003-cm ' species Raman signal reaches a maxi-
mum at 1'0" pyridine molecules jcm', correspond-
ing to a Raman enhancement of (5+ 2) X10'. Above
1 monolayer the 991-cm-' Raman signal increas-
es linearly with increasing coverage up to -2
&&10" molecules/cm' or nearly 7 monolayers,
with an average enhancement of 1 &10'. Contrary
to many of the proposed theoretical models of
SERS," '3 the Raman enhancement induced by
the Ag surface extends well beyond the first
monolayer of adsorbed molecules.

In summary, we have presented the first de-
tailed coverage dependence of SERS from pyridine
adsorbed in UHV on several Ag surfaces. A
roughness with dimensions near 500 A appears to
be necessary on our surfaces for SERS since
macroscopic and atomic scale roughness did not
give large enhancements. The observation of a
large enhancement (-10') for physisorbed multi-
layers requires a mechanism which can contri-
bute an enhancement for molecules with distances
ranging up to 50 A or more from the surface.
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