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Surface-enhanced Raman scattering from molecules in tunnel junctions
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Surface-enhanced Raman scattering from molecular monolayers adsorbed at the alumi-
num oxide — Ag interface of tunnel junctions has been studied as a function of the junc-
tion parameters and surface roughness. The surface-plasmon—polariton contribution to
surface-enhanced Raman scattering from this system is quantitatively demonstrated in ex-
periments on samples fabricated on holographic diffraction gratings. The existence of a
short-range contribution to the surface-enhanced Raman effect is also shown and com-
pared with the predictions of the modulated surface dipole mechanism of Jha, Kirtley,

and Tsang.

I. INTRODUCTION

The phenomenon of surface-enhanced Raman
scattering has been of considerable interest. While
the magnitude of the surface-enhanced Raman ef-
fect on a smooth, flat surface remains uncertain,
there is no question concerning the existence of a
substantial surface-enhanced Raman (SER) effect
when certain molecules are in contact with a ran-
domly rough, noble-metal surface in solution' 3
and in vacuum.*~7 The effect has also been ob-
served for molecules adsorbed on discontinuous
films and colloids,®~'° in metal-insulator-metal
tunnel junctions'' and other sandwich structures,'?
and on surfaces with periodic surface struc-
tures, 11314

We have previously suggested that the large
enhancements of the Raman scattering efficiency
observed in the doped tunnel junctions arise from
both the electrodynamics of the roughened metal
surface!! and the interaction between the molecule
and the metal surface.!! In this paper, we consider
in detail the contribution of both effects to the
surface-enhanced Raman scattering and obtain
quantitative values for the contribution of each to
the overall enhancement. This enables us to com-
pare our doped tunnel-junction results with experi-
mental results on other systems and with theoreti-
cal treatments of the SER effect. We provide de-
tailed, quantitative results and descriptions of our
experimental systems which are lacking in our pre-
vious short communications. We show how the
various experimental and theoretical effects which
we have previously considered separately combine
to produce our observed results.

The electrodynamic response of a roughened
noble-metal surface is strongly modified by the ex-
istence of optically active conduction-electron reso-
nances'® which produce enhanced electromagnetic
fields near the surface.'®!” This results in an en-
hancement of the Raman scattering efficiency of
molecules adsorbed on the surface.!®~!® Such a
mechanism was first proposed as a cause of SER
scattering by Moscovits!” and demonstrated by
Burstein, Chen, and Lundquist8 for the localized
conduction resonances of an island film and by us
and others for the delocalized surface-plasmon—
polariton (SPP) resonances of a continuous sur-
face.!>1%20 In addition, Chen et al., and oth-
ers!®21=23 pointed out that these surface modes
can be excited by the nonradiative near field of an
oscillating dipole. If these surface modes are radi-
ative, this provides an additional channel for Ra-
man scattering. Such an effect was experimentally
observed by us on grating samples?> where the two
electromagnetic resonances can be separated experi-
mentally. We especially emphasize the diffraction
grating results in this paper since they allow us to
work with a system where the surface roughness
can be characterized, allowing for the detailed
comparison of theory and experiment. This is in
contrast to most previous work which was done on
hard-to-characterize, randomly roughened surfaces.
We experimentally show that the resonant excita-
tion of SPP’s can produce enhancements of over 2
orders of magnitude in the intensity of Raman
scattering from a molecular monolayer adsorbed
under Ag in tunnel junctions.

Since the total enhancement of the Raman effi-
ciency of molecular monolayers adsorbed under Ag
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films in tunnel junctions can be as large as 6 orders
of magnitude, the relatively long-range effects as-
sociated with the resonant excitation of the SPP’s
of our Ag gratings cannot explain the total magni-
tude of the SER effect. Direct evidence for this
comes from Raman spectra obtained on tunneling
junctions doped with different molecules. The
magnitude of the SER effect depends on the ad-
sorbed molecule. Not all molecules show the same
enhancement and different vibrational modes of a
given molecule show enhancement factors that
differ by 2 orders of magnitude. These results sug-
gest that there are local, short-range contributions
to the Raman scattering efficiency which can pro-
duce an additional enhancement of 2 to 4 orders of
‘magnitude in our tunnel junctions.

The use of doped, inelastic-electron-tunneling
spectroscopy (IETS) junctions in these surface Ra-
man studies allows us to obtain detailed informa-
tion on the electronic and vibrational properties of
the molecular monolayer that is difficult to obtain
for the other experimental systems used in SER
studies.!! Utilizing the information about the in-
teraction between the Ag conduction electrons and
the adsorbed molecules provided by the IETS, we
have already introduced a phenomenological
model'® for calculating the short-range contribu-
tion to the Raman scattering due to the modula-
tion of the optically induced surface charge density
by the molecular vibrations. In contrast to the
SPP field enhancement this mechanism only in-
volves the first one or two monolayers. The com-
bination of these two effects quantitatively explains
many of our Raman scattering results. Our con-
clusion on the dual origins of SER scattering from
molecular monolayers adsorbed in tunneling junc-
tions is consistent with recent work on SER
scattering in both electrochemical cells' ~3 and
clean metal surfaces in ultrahigh vacuum*> 7”13
(UHV) and will be discussed below.

We briefly discuss in Sec. II the solution of
Maxwell’s equations for the classical electromag-
netic field near a submacroscopically rough sur-
face. In Sec. III, we describe the details of our ex-
periments. Our experimental results on the effects
of the excitation of SPP’s on SER intensity are
presented in Sec. IV. In the same section, our re-
sults for monolayers in a tunnel junction are com-
pared with SER scattering results in other environ-
ments and using other surface topographies. In
Sec. V, we consider the additional short-range con-
tribution to the Raman cross sections due to the
direct interaction of the adsorbed molecule and the

metal surface. We consider some of the models
which have been proposed to explain this short-
range enhancement. We show that our results are
consistent with the modulated surface charge
model of Jha et al.’® We close with a summary of
our major results and their bearing on other experi-
ments.

II. THEORETICAL CONSIDERATIONS—
ELECTROMAGNETIC EFFECTS

Raman scattering by a molecular vibration oc-
curs through the modulation of the optically in-
duced dipole moment p(w) by the molecular vibra-
tions. If w; is the frequency of the incident radia-
tion and o, the scattered frequency, the intensity
I, of the Raman scattering can be written as
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where 8R; is the displacement amplitude of the
atom j for the mode of frequency w, The above
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where @ is the effective system polarizability and
EL is the local electric field seen by the molecule
in the medium. Therefore, for a molecular mono-
layer adsorbed on a metal surface, I, of a given
mode can be modified by changes in the magnitude
of the incident field at the molecule due to the
presence of the metal surface,'®~1%?! and by the
changes in & due to the interaction of the mole-
cule with the conduction electrons of the met-
al.1%2224=26 Gince E; is the electric field in the
absence of the molecule, & is an effective polari-
zability.

For a metal where €, the real part of the dielec-
tric function, is less than — 1, the solutions of
Maxwell’s equations for a vacuum-metal interface
include surface waves which propagate along the
metal-vacuum interface but decay exponentially
away from the interface both in the metal and in
the vacuum. These transverse surface wave solu-
tions are characterized by their tangential wave
vector K, (>/c) in the plane of the surface.”?
For a flat surface, the SPP’s of the metal cannot be
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optically excited since the incident light cannot
provide tangential wave vectors greater than w/c.
However, if the metal surface shows a periodic
profile characterized by a wave vector g =2m7/A,
where A, is the periodicity of the grating, an _i’n-
cident photon with a tangential wave vector K; | in
the plane of the surface can exchange momentum
with the gratmg and couple to the SPP wave vec-
tor K, if K; i+ E= K Then, for €; << —1, the
optlcal excitation of thlS SPP on a metal surface
with a sinusoidal profile of amplitude £, and wave
vector g produces an electric field E; at a distance
a from the surface, which can be written approxi-
mately as'®

172
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(3)
where €, is the imaginary part of the dielectric
constant of the metal and E; is the incident electric
field. Equation (3) was obtained in the Rayleigh
approximation which is valid when £,K, < 1. 19
Given the optical constants for bulk Ag at 5145 A
(e;=—11 and €,=0.33),>° the grating induced
optlcal excitation of the SPP’s of Ag by 5145- A
light on a Ag surface with a shallow A, =8000 A,

5 =200 A grating profile can produce a value of
E; over an order of magnitude larger than E;."
The optical excitation of the ideal SPP resonance
of an Ag surface with such a grating profile can
produce an enhancement of more than 2 orders of
magnitude of the Raman scattering efficiency of a
molecule near the surface. I; will depend on the
optical constants and the scattering geometry, with
the maximum enhancement occurring at the angle
of incidence 6; =6(wspp) Where the grating can
couple the incident light to the SPP’s. These re-
sults are similar to the ideal results obtained for
the enhancement of the electromagnetic fields
above an Ag sphere where the conduction-electron
resonances are radiative.'®?! We shall consider
later the effect of radiation damping and also qual-
itatively consider the limits of the validity of the
Rayleigh approximation when the amplitude be-
comes large. The presence of the reflected and
possible diffracted beams and the nonresonant exci-
tation of the conduction-electron modes of the sur-
face will produce a small additional enhancement
of the local field. Such an enhancement of about 3
was obtained by Wang et al.'® in their calculations
on a sphere. On our grating surfaces, these non-
resonant contributions to the enhancement of the
Raman scattering will be less than an order of

magnitude. Our ability to make detailed calcula-
tions for the grating structures justifies the experi-
mental study of samples fabricated on grating sub-
strates.

The intensity of the Raman scattering from a
grating should also depend on the scattering angle
0. The adsorbed molecule can inelasticly scatter a
SPP into another surface-plasmon polariton.!® The
grating momentum is then necessary to couple the
scattered SPP to light. This effect involves both
the modification (renormalization) of the free space
molecular polarizability o by the metal surface and
the coupling out to light of the scattered field
through the polarization of the metal. Aravind,
Hood, and Metiu®? suggest that the Raman
enhancement due to the resonance in 6, will be
weaker than the enhancement due to the resonance
in 0;. This is similar to the behavior observed by
Chen et al.'® for the prism coupling of light to the
SPP’s of a thin Ag film. In this regard, our
periodic surfaces behave differently from the small
sphere systems'®?! where the enhancement of the
scattered field through the polarization of the
sphere is equal to the enhancement of the local
field at the sphere surface. Although the E;
enhancement of I, will be larger for the sphere, the
grating surface has the advantage that it is possible
to experimentally separate the resonances in 8; and
6, by controlling the scattering geometry. This al-
lows an independent measurement of each effect.

As pointed out, these calculations are appropri-
ate when £,K; << 1. When §;K; =1, corrections
to Eq. (8) include the radiative damping of the sur-
face mode.’! For large values of §oo Ep w111 not
increase linearly with &, but will saturate.’

The above results where we only consider the
electrodynamics for the resonant excitation of
SPP’s will describe the behavior of a system in the
limit where the electronic wave functions of the
molecule and the metal surface have no significant
overlap. This will not be the case for the first
molecular monolayer on a metal surface where one
expects significant overlap between the electrons of
the molecules and the metal surface. There are a
number of possible short-range effects and we shall
consider the modification of the optically induced
charge distribution at the metal surface by the ad-
sorbed molecule in Sec. V.

III. EXPERIMENTAL DETAILS

The experimental work in this paper was per-
formed on doped metal-insulator-metal tunnel
junctions prepared in the same way as samples
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used for IETS studies.’*33 The samples were
doped with either carboxaldehydes or carboxylic
acids such as benzoic acid, nitrobenzoic acid, 4-
pyridine carboxaldehyde, 4-acetylbenzoic acid, us-
ing either ethanol or water as the solvent. Metals
used for the overlayer included Ag, Au, Pb, Cu,
Sn, and Al

The IETS spectra of these junctions show the
presence of a single, chemisorbed layer at the oxide
surface. No scattering from the 1700-cm~! vibra-
tion of the C=0 bond of either the COH or
COOH groups of the free molecule is observed in
IETS.* In contrast, scattering from the sym-
metric and asymmetric (1380 and 1550 cm™?) vi-
brations of the COO~ group bonding to the oxide
surface is observed.> The IETS also provides us
with information which helps to characterize the
electronic properties of the molecule-metal inter-
face.3> These properties can be important in deter-
mining the Raman scattering process.

A model for the electronic structure of an IETS
junction is shown in Fig. 1. Both the oxide layer
and the molecular monolayer are approximated by
barrier potentials for conduction electrons in the
left and right electrodes. Korman et al.’® have ex-
tracted the value of ®;,, the molecule-metal bar-
rier potential, from the current-voltage characteris-
tic. They find it can vary between a fraction of an
eV and 4 to 5 eV. The IETS spectra of our sam-
ples were obtained at either 4.2 or 2 K using a
current modulation produced by a voltage modula-
tion with an amplitude between 1 and 5 mV. The
second derivative of the current-voltage relation-
ship for the junction was obtained by sensing the
second-harmonic voltage signal due to the current
modulations.*

The quantitative characterization of the surface
roughness necessary for SER scattering has been a
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FIG. 1. Model of the electronic structure of a metal-
insulator-molecule-metal tunnel junction (from Ref. 33).
dy and d, are the thicknesses of the oxide and the
molecular layers. ®y and ®,, are the barrier heights at
the Al-oxide and Ag-molecule interfaces.

major problem for the understanding of the SER
effect. In our experiments, the roughness was pro-
vided in a controlled fashion through the prepara-
tion of the substrate on which the thin-film junc-
tion was deposited.

Two different types of substrate roughness were
used. The simplest involved the evaporation of
CaF, onto the microscope slide.”® This introduces
surface roughness whose rms amplitude £ increases
with increasing CaF, thickness.3* All of the CaF,
thicknesses in this paper are average thicknesses
based on the mass deposited on a quartz crystal
monitor positioned next to the substrate in the eva-
porator.

Surface structures with a single dominant
Fourier component were also introduced into our
tunnel junctions by depositing them onto the
sinusoidally undulating surfaces of holographic dif-
fraction gratings and the triangular profiles of
ruled gratings. The grating surfaces could be
quantitatively characterized with just two or three
parameters. The ruled gratings were blazed 600,
1200, and 1800 line/mm gratings. Electron micro-
graphs showed that the groove profiles were tri-
angular with amplitudes of the order of several
thousand angstroms. The holographic gratings
were fabricated using the 3250-A line of a He-Cd
laser.3f The hologram from this laser exposed a
5000-A layer of photoresist spun on a Si substrate.
The amplitude of the grating and the groove pro-
file could be varied by controlling the exposure and
development of the photoresist.** In Fig. 2, we
show an electron micrograph of one of these grat-
ings after a doped Al-AlO,-Ag junction was fabri-
cated on it. The white line at the bottom of the
picture shows the junction in profile. The top half
of Fig. 2 shows the surface of the grating at nor-
mal incidence. The grating has a smoothly vary-
ing, almost sinusoidal, profile. Fluctuations with
correlation lengths small compared to the grating
periodicity can be observed on the surface of the
grating but their amplitude is too low to be seen in
the grating profile.

Tunnel junctions fabricated on these gratings
showed strong coupling between light incident on
the junction and the SPP’s of the junction® includ-
ing a sharp minimum in the reflectivity for p-
polarized light at the appropriate value of 6;.!23%
We have previously reported that Ag-AlO,-Al tun-
nel junctions fabricated on holographic diffraction
gratings can produce p-polarized SPP emission in
the visible when biased above 2.0 eV.*® Similar
emission peaks are observed from our doped junc-
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FIG. 2. Electron micrograph of an Al-AlO,-Ag tunnel junction laid down on a holographic diffraction pattern
developed in photoresist. Top is at normal incidence. White line at bottom is junction in profile.

tions.?326

All of our experiments were performed with the
discrete lines of either an Art or Kr™* laser. Mea-
surements were made in air and at 2 K in liquid
He. The scattered light was collected by an f1.5
lens and analyzed by a double monochromator
with photon counting detection. In some measure-
ments, the collection angle 6,, was deliberately re-
duced by the placement of an aperture before the
collecting lens. This allowed us to study the
dependence of the scattering intensity on 8,. A
number of different scattering geometries were em-
ployed. The relevant experimental parameters in
these measurements are shown in Fig. 3.

IV. EXPERIMENTAL RESULTS—
SURFACE-PLASMON —POLARITON EFFECTS

In Sec. II, we showed that an electromagnetic
field incident on a metal surface with a sinusoidal
profile, could, when K; ||+ & =Kg, excite the sur-
face electromagnetic waves of the metal. The
resultant enhancement of E; produces a large
enhancement of any Raman process involving mol-
ecules at the surface. The excitation of these SPP’s
by the scattered field of the molecule should pro-
duce a further enhancement of the Raman efficien-
cy.

We quantitatively test these theoretical results by
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g | Ag surface

FIG. 3. Experimental parameters for surface-
enhanced Raman studies on a metal surface laid down
on a diffraction grating.

studying the Raman scattering from doped Al-
AlO,-Ag junctions laid down on holographlc grat-
ings with a periodicity of 8000 A and 100 A

< &g <1200 A. In curve a of Fig. 4, we show the
Raman spectrum of such a junction doped with 4-
pyridine carboxylic acid and excited by p-polarized
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FIG. 4. Vibrational spectra of 4-pyridine carboxylic
acid as seen in curve a surface-enhanced Raman scatter-
ing from a doped Al-AlO,-Ag tunnel junction on an
8000-A periodicity grating, curve b the IETS spectrum
of a doped junction, and curve ¢ Raman scattering from
a pressed pellet.

light incident at 6(wgpp). K i X g is parallel to the
grating grooves. In curve b of Fig. 4, we show the
IETS spectrum of 4-pyridine carboxylic acid in an
Al-AlO,-Ag tunnel junction held at 2 K. In curve
¢ of Fig. 4, we show the Raman spectrum of 4-
pyridine carboxylic acid obtained from a pressed
pellet of reagent grade power. Both curves b and ¢
have been processed to remove broad continuum
backgrounds.

Both infrared and Raman-active modes of the
adsorbed molecule are observed in the IETS of the
junction. A comparison of curves b and c in Fig. 4
with the published infrared spectrum of the acid
shows that with the exception of the disappearance
of certain modes associated w1th the COOH group,
which dissociates on the ox1de, there are no signi-
ficant changes (<25 cm™!) in the vibrational fre-
quencies of the 4-pyridine carboxylic acid molecule
when it is adsorbed at the metal-oxide interface
and covered by a thin film of Ag. A comparison
of the SER spectrum in curve a and the IETS
spectrum in curve b of Fig. 4 suggests that these
two spectra also arise from the same molecules.
While not all the lines seen in the IETS spectrum
are seen in the Raman spectrum, all of the lines in
the Raman spectrum have close counterparts in the
IETS spectrum.

The broad band observed in the IETS data at
1380 cm ™! arises from the COO group bonded to
the oxide surface.*> It has been shown that this is
the only species present.’” The observation of a
similar broad band in the SER spectrum shows
that the molecules observed in our SER spectra are
chemically bonded to the oxide and are part of the
surface monolayer. We shall make a more detailed
comparison of the Raman, IETS, and SER spectra
in Sec. V. In this section, we first consider the
magnitude of the SER effect in our junctions and
the contribution of the SPP excitations to this
magnitude.

The 1594-cm ! C-C ring mode of the pressed
pellet in curve ¢ of Fig. 4 is between 2 and 5 times
more intense than the same mode i in the doped
junction on a grating with a 1000- A amplitude
(Fig. 4, curve a). The saturation surface density n;
of the pyridine carboxylic acid molecules is
7 10" molecules/cm?®.3’ The number of mole-
cules per unit volume of pyridine carboxylic acid
n, is about 5 10*' cm~3. The Raman spectrum
of the translucent pressed pellet was excited with
the same optics used in the tunnel-junction SER
measurements. The ratio of the bulk and the sur-
face scattering depends only on the scattering
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length /. [ is determined by 6; on the pellet and
the projection of the slit width of the monochro-
mator on the sample. The comparative number of
molecules excited in the tunnel junction and in the
pellet is ng/n,l. We measure /=200 + 100 pm.
There are approximately 10° more molecules in the
scattering volume of the pellet than in the scatter-
ing area of the junction. The Raman scattering ef-
ficiency of the 1594-cm™! mode for the monolayer
on a grating is approximately 5 10* greater than
that of the molecules in the pellet assuming that
all the molecules at the junction contribute equally
to I;. The corrections associated with the finite
thickness of the Ag layer will be introduced later.
The enhancement factor of 5% 10* is not the same
for all scattering geometries and for all lines in the
SER spectrum of the molecule. The surface en-
hancement of the 3061-cm ™! C-H vibration (not
shown in Fig. 4) is at least a factor of 100 less
than the enhancement of the 1594-cm ™! mode.
Comparison of curve a of Fig. 4 with the experi-
mental results of Kuiper et al.*® on benzaldehyde
adsorbed on alumina shows that the changes in the
relative intensities of different lines in Fig. 4 do
not arise from the chemisorption of the molecule
on the oxide surface.

Measurements of the Raman spectrum of the
doped oxide before the evaporation of the Ag over-
layer and of regions of the doped oxide away from
the Al-AlO,-Ag junction show no evidence of Ra-
man scattering from the 4-pyridine carboxylic acid
dopant. Given our experimental sensitivity, any
enhancement factor associated with the SPP reso-
nances of the Al substrate and the presence of
more than one layer of molecules on the oxide
must be much less than 500. The enhancement of
the Raman intensity of the Al surface due to the
excitation of the Al SPP fields will be almost 2 or-
ders of magnitude weaker than the enhancement of
the Raman scattering on the Ag [Eq. (3)].” The
failure to observe any scattering from the molecu-
lar monolayer on AlO,-Al stiows therefore that the
observable SER effect in our junctions depends on
the presence of the Ag overlayer.

We have observed strong signals from experi-
mental systems using underlayers other than the
Al-AlO, layer used in Fig. 4. These included Ag,
CaF,,'? and Mg-MgO,. In the first two cases, the
observed signals were over an order of magnitude
stronger than in our Al-AlO, tunnel junctions.
However, IETS measurements were generally not
possible on these samples so we could not indepen-
dently verify the presence of a single molecular

monolayer. Therefore, we will not pursue these re-
sults further in this paper. .

If doped tunnel junctions with 200-A or thicker
Ag films were fabricated on nominally smooth mi-
croscope slides, the SER spectra were either unob-
servable or barely observable. In the latter case,
the scattered intensity varied from spot to spot.
Observable signals were often obtained from spots
showing strong elastic scattering suggesting the
presence of roughness in the junction due to im-
purities, dirt particles, etc.

The SPP contribution to I; for molecules ad-
sorbed in a tunnel junction laid down on a grating
should vary as §'§ [Egs. (2) and (3)]. In Fig. 5, we
show this for a nitrobenzoic acid —doped junction.
In this experiment 6; =6(wgpp). The data were ob-
tained by translating the excitation along a sample
with a variable-amplitude grating profile. The am-
plitude was measured by a scanning electron mic-
troscope. These results resemble those obtained in
other systems where the SER signal increases with
increasing roughness.”® However, the interpreta-
tion of all of these results is somewhat uncertain
since the measurements are made either on dif-
ferent samples or different regions of the same
sample. This raises the possibility of contributions
from other surface-dependent effects. The study of
the SPP contribution to SER scattering from a
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FIG. 5. Dependence of the intensity of the 1594-
cm ™! line of 4-nitrobenzoic acid in an Al-AlO,-Ag tun-
nel junction on the square of the amplitude of the 8000-
A periodicity sinusoidal grating used as the substrate.
The Raman spectrum was resonantly excited by pump-
ing the surface-plasmon — polariton absorption of the
ing.
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grating can, however, also take place on a single
sample or spot on the sample. The coupling be-
tween the light and the SPP field shown in Fig. 5
to vary as §f, also varies with 6; and 6;.

Figure 6 shows the SER spectra of a nitroben-
zoic acid-doped tunnel junction for different values
of 6; and 6, and p-polarized incident light. These
spectra were obtained using an optical collection
angle, 0,, =30°. I varies strongly with 6; and §;
but we observe no significant change in the relative
intensities of the Raman lines or their energies
with either angles. This is expected from Eq. (2)
and a 6;-dependent enhancement mechanism which
involves the enhanced E;’s but does not effect the
Raman polarizability tensor.

We also observe broad bands in the spectra in
Fig. 6. Unlike the Raman lines from the molecu-
lar vibrations, the energies of these bands are deter-
mined by 6, and are independent of the excitation
energy as seen from a comparison of curves b and
d in Fig. 6. Their intensities depend strongly on 6;
in the same manner as the intensities of the Raman
lines. These broad bands have also been observed
in undoped junctions and on thick Ag films laid
down on gratings. We have previously reported
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FIG. 6. Raman spectra of an Al-AlO,-Ag tunnel
junction doped with nitrobenzoic acid and fabricated on
an 8000-A periodicity sinusoidal diffraction grating.

The different spectra correspond to different scattering
geometries and excitation wavelengths. The energy scale
for spectrum d is just below the trace.

angle-dependent, optical emission from an undoped
Al-AlO,-Ag tunnel junction laid down on an
8000-A grating and biased at 2.5 eV which is simi-
lar to the broad bands in Fig. 6. The quantita-
tive differences in the linewidths of the bands in
Fig. 6 and Ref. 36 arise solely from the different
acceptance angles used in the two experiments.

The emission band in Fig. 6 arises from the cou-
pling of optically excited SPP’s to light through
the roughness of the grating.*’ In Fig. 7, we show
the dispersion curve obtained from this optically
pumped emission. The observed dispersion curve
shows that the optical emission involves the SPP’s
of our Ag films. It shows that the optically excit-
ed SPP’s produce Stokes shifted surface plasmon
polaritons which can decay into photons with an
efficiency comparable to the efficiency of the SER
process for molecules such as nitrobenzoic acid.”
Figure 6 suggests that such a process will make a
substantial contribution to the structureless contin-
uum observed in SER studies on randomly rough-
ened surfaces. A more detailed discussion of this
emission is to be found in Ref. 36.

We have previously presented the dependence of
I, from a nitrobenzoic acid —doped Al-AlO,-Ag
junction on 6; and 6, for p-polarized incident
light.?* We find that I, from a typical sample can
vary by a factor of at least 200 with changes in 6;
and 6. If we fix 6,=0° so that for finite 6;, we
can have only a single resonance condition satis-
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FIG. 7. Dependence on the optical momentum in the
grating plane of the energy of the broad, angle-tunable
emission observed from optically pumped, Ag tunnel
junctions fabricated on an 8000-A periodicity sinusoidal
diffraction grating. The solid line represents the light
line shifted by one reciprocal-lattice vector.
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fied, we observe a factor of 50 change in intensity
with 6;.

The angular dependence of the SER scattering
from molecules adsorbed in a tunnel junction laid
down on a grating is similar to the predictions of
Chen et al.'® for molecular Raman scattering via
the prism coupling of light to the SPP’s of a metal
film. This is especially true with regard to the
weakness of the dependence on 6; as compared to
0;. These results point out the principal advantage
of using a diffraction grating for these SER stud-
ies. The grating system allows the explicit separa-
tion of the enhancement of the scattering efficiency
by the enhancement of the incident field and the
enhancement of the scattering efficiency by the po-
larization of the metal surface by the scattered Ra-
man field. These results support the recognition
by Jha et al.'® that a dominant electromagnetic
contribution to the SER scattering from a simple
grating surface for £;,K; <1, involves the excitation
of the SPP’s by the incident beam.

In Fig. 8, we show the dependence of the SER
scattering on the polarization of the incident beam
and the grating orientation for junctions fabricated
on a grating. The SPP effects are observed for p-
polarized light when the grating wave vector and
the projection of the optical wave vector in the
grating plane are colinear. The spectra in Fig. 8
were obtained for 6; =6(wgpp) using a 4-pyridine
carboxylic acid—doped Al-AlO,-Ag tunnel junc-
tion laid down on a commercial 1200 line/mm dif-
fraction grating. Curve a shows the Raman spec-
tra for p- polarized incident light, a grating orienta-
tion where g XK is parallel to the grating
grooves, and p-polarized scattered light. Curve b
shows the Raman spectrum for the same scattering
geometry excited with s-polarized light. Curve ¢
shows the Raman spectrum obtained with p-
polarized hght and with the grating rotated by 90°
so that K X g is in the plane of incidence. The
alignment errors are of the order of 3—4°. Figure
8 shows that strong Raman scattering is only ob-
served when the SPP’s of the junction can be
directly excited by the incident light. .

All of our results on gratings show weak Raman
scattering for geometries where neither the incident
nor scattered light couple to the SPP’s of the film
through a first-order interaction with the grating.
This can be seen by comparing curve a of Fig. 6
where 0; and 6, are off resonance and curve b
where both angles are at resonance. The electron
micrographs of this grating surface show the pres-
ence of small scale random roughness similar to
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FIG. 8. Surface-enhanced Raman spectra of an Al-
AlO,-Ag tunnel junction doped with 4-pyridine car-
boxylic acid and laid down on an 1200-A periodicity,
blazed, diffraction grating. a, Raman spectra excited by
p-polarized incident light at the photon —surface-
plasmon-polariton resonance condition. b, Raman spec-
trum excited by s-polarized incident light using the
identical scattering geometry as above. ¢, Raman spec-
trum excited by p-polarized light using the same scatter-
ing geometry as above only with the grating oriented sc
that g X K; is in the plane of incidence.

that in Fig. 2. It is well known that randomly
roughened Ag surfaces can show surface-enhanced
Raman scattering.

We will now consider the quantitative contribu-
tion to the SER effect of one type of random
roughness to obtain an appreciation for the scale of
random roughness required to produce observable
SER scattering. Random roughness with a corre-
lation length G of between 500 and 1000 A can be
obtained from the deposition of Al or Ag films
onto previously evaporated CaF,.** We have
shown (Ref. 11) the SER spectrum of a 4-pyridine
carboxylic acid —doped Ag junction of CaF,. This
spectrum is identical to the spectrum shown in Fig.
4. The change in correlation length from the 8000
A of the grating to the 500 — 1000 A of the CaF,
does not effect the relative intensities of the Ra-
man lines.!!

Endriz and Spicer** observed that the surface-
plasmon absorption of Ag films laid down on CaF,
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increases monotonically with £, saturating for
&>>1000 A. Analogous behavior was observed by
McCarthy and Lambe in their studies of the light
emission excited by inelastic tunneling (LEIT) in
Al-AlO,-Ag films laid down on varying thick-
nesses of CaF,.*! We have previously compared
the dependence on CaF, film thickness of the in-
tensity of the LEIT and the SER scattering. Both
show a similar functional dependence on £. The
intensity of both SER scattering and LEIT saturate
for CaF, thicknesses above 1000 A. Laks and
Mills*! showed that while the roughness induced
coupling of the light to the SPP varies as £2, the
surface plasmons can be damped, for large values
of £, by the radiative coupling. This damping in-
creases with & so that for large values of £, the
strength of the coupling to light will be indepen-
dent of £. We indicated in Sec. II that similar
behavior was to be expected from our grating sam-
ples for large §;,. We have compared the intensity
of the roughness-induced, short-correlation-length
SER scattering with the intensity of the grating-
induced SER scattering for a 1000-A thick CaF,
film and a 2£, =1200-A grating with an 8000- A
periodicity. We find that the peak Raman intensi-
ties agree within a factor of 3. Since the intensity
of the SPP coupling to the short-correlation-length
roughness is proportional to &2, the residual
scattering which we observe away from the SPP
resonance condition would be consistent with the
presence of surface roughness with £=5 A. This
amount of roughness is not unexpected given the
sample profile shown in Fig. 2. It is consistent
with our observation that the intensity of the resi-
dual Raman scattering varies greatly from sample
to sample and from spot to spot. The presence of
random roughness can provide a background level
of enhanced Raman scattering. In this case, our
grating-induced, angle-dependent effects can be
considerably larger than the experimentally ob-
served values, since the off-resonance signals can
arise from the coupling of light to the SPP’s
through the residual roughness.

All of the results presented in this paper were
obtained on samples with the dopant molecules lo-
cated at the oxide-Ag interface under a 200-A
layer of Ag. Corrections must be made for finite
&, and the actual optical properties of the Al-
AlO, -Ag layers if we are to compare our results
with our simple theoretical model'® and with the
results obtained in other experiments where the
molecules are adsorbed onto a surface.! =14

Equation (3) was obtained using the Rayleigh

approximation. This approximation is rigorously
valid for sinusoidal gratings when £, K,
<0.448.2—* Experimentally, the approx1mat10n
is valid for §, K, as large as 1 for sinusoidal pro-
files.** However, it has been found experimentally
that expressions such as Eq. (3) cannot be applied
to Ag gratings when £,K, >0.2.>* This is due to
the radiative damping of the SPP’s by the grat-
ing.® The enhancement of E; due to the optical
excitation of the SPP’s will saturate for values of
§,K, >0.2, or in our case of 8000-A periodicity
gratings, for peak to peak amplitudes in excess of
600 A.

Our measurements of the optical emission from
either optically pumped or tunneling electron
pumped SPP’s allow us to put an upper limit on
the magnitude of €, of our films. The real part of
the dielectric constant is relatively insensitive to
the details of the sample preparation so we can use
the published values. At 2.3 eV, we have measured
SPP emission full widths at half maximum of
about 60 meV. If this linewidth were completely
attributed to the Ag dielectric losses, it would cor-
respond to a value of €,=1.2."° If we assume that
for this sample, the dielectric losses are somewhat
greater than the radiative losses,* then we obtain a
value of €,==0.7 which is consistent with the mea-
surements of Dujardin and Theye.* This would
result in an enhancement of I; for an adsorbed
molecule on a 600-A amplitude grating of about
200. While further increases in the &, would pro-
duce an additional enhancement, the rate of in-
crease would be considerably slower than the §§
dependence observed for smaller grating ampli-
tudes. The enhancement of the Raman scattering
intensity due to the optical excitation of the SPP’s
will be between 200 and 300. Since the presence of
a metal surface under a molecule will produce a
factor of 2—4 enhancement of the Raman scatter-
ing due to the reflection of the incident beam, the
variation of I; on our grating with 6; will be be-
tween 50 and 150.

The finite thickness of the Ag overlap and the
presence of the molecular monolayer at the oxide-
Ag interface means that corrections also have to be
made for the optical screening introduced by the
Ag layer. In Fig. 9, we show the dependence on
the Ag film thickness of the intensity of the 1598-
cm™! line of nitrobenzoic acid adsorbed in Al-
AlO,-Ag tunnel junctions laid down on CaF,.
There is an initial increase in the SER intensity be-
cause (1) e(w) is a strong function of the thickness
for very thin films and (2) the films do not become
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FIG. 9. Dependence on the Ag film thickness of the
intensity of the SER scattering from nitrobenzoic
acid—doped Al-AlO,-Ag tunnel junctions fabricated on
CaF,. The thicknesses are mass thicknesses obtained
from a quartz microbalance.

continuous until their average thickness is over 100
A. For average thicknesses below 100 A, the film
consists of small isolated balls of Ag. Since the
excitation of the localized modes of the discontinu-
ous film produces a substantial enhancement of
I,,'%2! changes in I, will occur as the film struc-
ture changes. It is interesting to note, however,
that I; for the discontinuous films on our rough
substrates is comparable to that of our continuous
films. The rapid decrease in I; with increasing Ag
thickness for thicknesses above 200 A is due to the
attenuation of the electromagnetic fields as they
pass through the Ag film. In Fig. 10, we show
that the Raman spectrum of chemisorbed nitroben-
zoic acid on AlO, does not depend on the thick-
ness of the Ag layer. Since the very thin layers in-
volve surface topologies consisting of random ar-
rays of microscopic Ag particles, this shows that
the transition from the small particle resonances to
our extended SPP resonances does not change the
relative intensities of the Raman lines.

Calculations of the SPP fields in an Al-AlO,-Ag
structure show that their penetration depths into
the metal are of the order of 100 A. Thereofore,
the intensity of the SPP field under a 200-A layer
of Ag will be about 20% of its intensity at the top
of the film. The optical transmission in the visible
of a 200-A-thick film has also been measured. It
can be about 20% for films similar to those used
by us. I; is attenuated by over an order of magni-
tude because of the finite thickness of the Ag
layer. This correction will be only weakly depen-
dent on scattering geometry. As a result, the
enhancement factors we obtain experimentally are
at least an order of magnitude smaller than the
enhancement factors before attenuation. Therefore,
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FIG. 10. Surface-enhanced Raman spectrum of nitro-
benzoic acid adsorobed on CaF,-Al-AlO, and covered by
2,4, 32, and 160 A of Ag. The Ag thickness is the
mass thickness obtained from a quartz crystal microbal-
ance.

the Raman scattering efficiency of 4-pyridine car-
boxylic acid adsorbed on Ag, under the resonant
excitation of the SPP’s of the Ag substrate (Fig. 4),
can be almost 10° larger than the scattering effi-
ciency of the same molecules in a pellet. This
enhancement factor is close to the factors that
have been reported in electrochemical cell experi-
ments.

With these considerations, we can quantitatively
compare our experimental results on 100— 1200-A
amplitude, 8000-A periodicity, grating substrates
with our calculations for Raman scattering from a
monolayer on an Ag surface with a sinusoidal pro-
file. While we have not calculated the enhance-
ment of the Raman scattering due to the
molecule-induced polarization of the metal, we can
neglect this contribution when 6, =0 where the
SPP’s excited by the scattered field cannot couple
to light. When 6, =0° the experimentally observed
factor of 50 or more change in the Raman intensi-
ty with 6; is smaller than the 50— 150 we would
expect. However, we have previously shown that
the measured angular variation of the Raman
enhancement can underestimate the grating-
induced SPP contribution to the enhancement due
to the presence of random surface roughness which
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can induce measurable SER scattering at nominally
nonresonant angles.

While we can understand the 6; dependence of
I, in our doped junction, it is also clear that the
resonant excitation of SPP’s cannot explain the full
magnitude of our experimentally observed effect
even at 6,=0. We find that the observed enhance-
ment is over 3 orders of magnitude stronger than
calculated. The difference between our experimen-
tal enhancements and our calculated enhancements
is close to the differences we observe between the
enhancement factors for different Raman lines of a
given molecule and to the differences we observe
for the enhancement factors for different mole-
cules. For example, if we consider the 3061-cm™
C-H vibration of 4-pyridine carboxylic acid ad-
sorbed on the grating, we find from the tunneling
spectrum that the mode remains well defined in
the junction but that any surface enhancement
must be less than 10°. We will consider detailed
evidence for this behavior in the next section of
this paper and show that it probably reflects
changes in the Raman tensor da, /dR;.

If the excitation of SPP’s can play an important
role in SER scattering from molecules adsorbed
under Ag, similar results should be obtainable for
molecules adsorbed under other noble metals. This
will be true if the excitation energies are in the red
where the SPP excitations are well defined in Cu
and Au.?’> We have fabricated tunnel junctions
doped with molecules such as nitrobenzoic acid us-
ing Cu and Au counter electrodes. Although we
were unable to measure the IETS spectra of these
samples, we were able to observe SER scattering.
The intensity of the Au spectrum is approximately
50 times weaker than the Ag spectrum. Given
€(w) of Au and Ag at 6471 A and Eq. (3) the field
enhancement in Au should produce a Raman
enhancement about 20 times weaker than that pro-
duced by Ag.

We have attempted to observed SER scattering
from tunnel junctions doped with 4-pyridine car-
boxylic acid or nitrobenzoic acid and fabricated
with counter electrodes of Pb, In, and Sn. None of
these metals support well-defined SPP’s in the visi-
ble. The IETS spectra of the dopant under the Pb
counter electrodes show the dopant at the interface.
In none of these cases were we able to observe SER
scattering. This suggest that the absence of surface
electromagnetic wave excitations makes the obser-
vation of SER scattering very difficult. Given our
requirement of a minimum enhancement of 500,
however, these results do not imply that there is no

1

enhancement of I; of the molecules, but that any
enhancement is less than 500.

The similarities between our results and those
obtained in electrochemical cells, discontinuous
films, and ultrahigh-vacuum experiments suggest
that similar phenomena are observed in all the ex-
periments. The electrochemical cell results of Fur-
tak and Kester*® for the quantitative dependence of
the SER intensity on the magnitude of the sub-
strate dielectric function and the results of many
groups'® on the SER effect for pyridine adsorbed
onto Ag colloids show experimentally that the ex-
citation of the electromagnetic wave resonances
can produce an enhancement of at least 2 orders of
magnitude of the Raman scattering efficiency. On
the other hand, the observation*”*® of the
infrared-active, Raman-inactive modes of pyrazine
on Ag shows that the electrochemical cell results
involve fundamental changes in the Raman tensor
itself. The large enhancements observed by Chen
and Burstein?! for Raman scattering from discon-
tinuous films doped with carboxylic acids and car-
boxaldehydes have been identified with the excita-
tion of the electromagnetic resonances of the small
particles which make up the film. The striking
differences® between the SER spectra of Ag films
laid down on benzoic acid monolayers and benzoic
acid monolayers laid down on Ag films, however,
show that local effects are important in this system
also.

Finally, a number of experimental results on
roughened surfaces in ultrahigh vacuum have
shown the existence of a long-range, electromagnet-
ic field contribution to the SER effect.””!* Howev-
er, most of the UHV experiments have also shown
the presence of a short-range, local contribution to
the SER effect.#%%!> These experiments find that
the enhancement of I; from the first monolayer is
stronger than any enhancement of the scattering
from the subsequent adsorbed layers. Experiments
involving roughness introduced at 300 K show
short-range contributions to the enhancement of
between 10 and 100, i.e., comparable to the extra
enhancement we need to explain our results.

V. THE EFFECT OF AN Ag SURFACE
ON THE RAMAN POLARIZABILITY da;/dR;

The molecule and mode-dependent effects we
have observed in our junctions appear to be similar
to the short-range effects observed in SER experi-
ments in UHV and related to the extra enhance-
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ment needed to explain our intensities. In this sec-
tion, we make explicit these relationships by com-
paring the IETS spectra with the SER spectra and
also show that the additional molecule-dependent
enhancement in our tunnel-junction samples is a
short-range, local effect. We then consider some
of the models that can explain the presence of this
short-range effect.

In Fig. 11, we show the Raman spectra of Al-
AlO, -Ag tunnel junctions laid down on 1200 A of
CaF, and doped with 4-pyridine caroboxylic acid.
Both spectra were excited by 5308-A light. Curve
a was obtained at 300 K with no bias voltage ap-
plied to the junction while curve b was obtained at
2 K with 0.5-V bias applied to the junction. Curve
b therefore corresponds to the exact experimental
conditions for the IETS measurements. A compar-
ison of curves a and b shows that the cooling of
the sample and application of a bias voltage pro-
duce no qualitative changes in the Raman scatter-
ing, so that the low-temperature IETS results and
the 300-K Raman results are comparable. In Fig.
12, we show the Raman spectrum of an Ag tunnel
junction laid down on 1600 A of CaF, and doped
with benzoic acid, and.the Raman spectrum of
benzoic acid. These spectra were obtained using
6471-A light. The preceding spectra establish the
validity of our comparisons of the SER and IETS
spectra and also show that not all dopants in our
tunnel junctions have enhancement factors large
enough to produce observable spectra.

Figure 4 showed that the SER spectrum is more
than just an amplified version of the normal Ra-
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FIG. 11. aq, the 300-K surface-enhanced Raman spec-
- trum of 4-pyridine carboxylic acid in an Al-AlO,-Ag
tunnel junction laid down on CaF,. b, the surface-
enhanced Raman spectrum of 4-pyridine carboxylic acid
in-an Al-AlO,-Ag tunnel junction on CaF,. This spec-
trum was measured at 2 K with the junction biased at
0.5 V. Both a and b were excited by 5308-A light.

man spectrum. Not all of the Raman lines are
enhanced by the same amount. In Table I, we list
several of the strongest Raman lines of 4-pyridine
carboxylic acid as tabulated by Green and Har-
rison*® together with their assignments and their
relative strengths. We also list in this table the re-
lative intensities of the corresponding lines ob-
served in the tunneling spectrum of our pyridine
carboxylic acid —doped Ag junctions. Also listed
in this row is the 1380-cm~! COO vibration. We
complete the table by listing the corresponding
SER lines of the molecule in the Ag tunnel junc-
tion with their relative intensities. The interaction
of the molecule and the metal surface does not
produce any substantial shifts in the vibrational
frequencies of the observable lines. This is similar
to what has been observed in IETS studies.”? The
enhancement factors show a variation of at least 2
orders of magnitude for different lines. The varia-
tion in the enhancement factor could be consider-
ably greater and is limited by the experimental sen-
sitivity. Table I also shows that lines with the
same symmetry (for example v, and v5) have
enhancement factors that can vary by more than a

factor of 100. This means that the differences in

the enhancement factors for different lines cannot
be associated with the selection rules for Raman
scattering from the vibration. Similar behavior
was observed for other dopants such as nitroben-
zoic acid and acetylbenzoic acid. These results
suggest that SER scattering involves more than
just the modulation of the molecular polarizability.
The SER scattering from the benzoic
acid —doped sample (Fig. 12) is barely observable.
The IETS spectrum of this sample shows the
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FIG. 12. a, the surface-enhanced Raman spectrum of
benzoic acid in an Al-AlO,-Ag tunnel junction laid
down on 1200 A of CaF,. b, the Raman spectrum of a
benzoic acid pellet. The spectra were excited by the
6471-A line of a Kr laser.
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TABLE 1. Some vibrational modes of 4-pyridine carboxylic acid. Several of the principle
vibrational Raman lines of 4-pyridine carboxylic acid with their symmetries, assignments,
and relative strengths (Ref. 49). The relative intensities of the corresponding lines and the
1380-cm ~! COO mode as seen in IETS measurements on Al-AlO,-Ag tunnel junctions
doped with this molecule. The relative intensities and energies of these lines as seen in SER

scattering from such a tunnel junction fabricated on a diffraction grating.

Bulk IETS SER
(cm™Y) Assignment intensity (cm™Y) Intensity
3061 a', v,(CH), 1.1 0.1 <0.01
1711 a', v(CO), 0.4 <0.01 <0.1
1594 al, »(CQ), 1.0 1.0 1610 1.0
0.33 1380 0.6
1190 a!, vis(CH), 0.8 0.13 1210 0.15
0.1 1160 0.33
991 al, vig(ring), 2.7 0.12 1014 0.4

chemisorbed benzoic acid. Therefore, the enhance-
ment factor for benzoic acid under Ag is at least
20 times smaller than that of nitrobenzoic acid or
4-pyridine carboxylic acid. A similar result was
obtained by Burstein, Chen, and Lundquist’ in
their experiments with discontinuous films laid
down on chemisorbed monolayers of benzoic acid.
Because these experiments were all performed on
different samples and given our ignorance of how
the Ag counterelectrode forms on the molecular
monolayer, the results cannot be interpreted in a
simple manner. However, we have also studied Ag
junctions doped with mixtures of benzoic acid and
nitrobenzoic acid. In Fig. 13, we show the Raman
spectra obtained from Al-AlO,-Ag junctions laid
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FIG. 13. Surface-enhanced Raman spectrum of Al-
AlO,-Ag junctions doped with mixtures of nitrobenzoic

acid and benzoic acid and laid down on 1200 A of
CaF,. a, 100% nitrobenzoic acid. b, 1:3 mixture of ni-

trobenzoic acid and benzoic acid. ¢, 100% benzoic acid.

down on 1600 A of CaF, and doped with nitroben-
zoic acid, a 1:3 mixture of nitrobenzoic acid and
benzoic acid, and pure benzoic acid. The intensity
of the nitrobenzoic acid spectra decreases as ex-
pected, with decreasing nitrobenzoic acid concen-
tration but no significant Raman scattering from
the benzoic acid is ever observed.

Figure 13 rules out the possibility that there is a
chemical interaction between the nitrobenzoic acid
and Ag producing a special surface morphology
that would give an extra enhancement for the ni-
trobenzoic acid —doped junctions but not for the
benzoic acid —doped junctions. The variation of
the intensity of the nitrobenzoic acid scattering
with nitrobenzoic acid concentration and ra-
diotracer studied on other codoped systems show
that both species are present in the junction. The
failure to observe any effects of molecule-molecule
interactions in IETS studies suggest that the mole-
cules are randomly distributed on the surface.*
Any field enhancement seen by the nitrobenzoic
acid molecules will be seen by the benzoic acid
molecules. The failure to observe scattering from
the benzoic acid molecules in the 1:3 mixture
shows that the interaction responsible for the mole-
cule and vibrational mode dependence of the
enhancement of the Raman scattering efficiency is
not only molecule specific but also local.

Such an additional contribution to the SER in-
tensity can arise from (1) the presence of submicro-
scopic roughness producing enhanced electromag-
netic fields associated with localized plasmon reso-
nances,”">*! (2) the polarization of the metal by the
molecule as treated in the image-charge approxima-
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tion,>*?° and (3) the modulation of the
conduction-electron density at the metal surface by
the electronic structure of the molecule.'*2¢

Our Ag-molecule interfaces must be rough on
the atomic scale, given their method of prepara-
tion. Chen et al.’? have experimentally shown that
the electromagnetic fields above an anodized Ag
surface, similar to those used in SER experiments
in electrolytic cells, can be enhanced by an order of
magnitude, producing possible enhancements of the
Raman intensity of 4 orders of magnitude. If the
roughness features on these surfaces could be
modeled by 50 A or smaller bumps,]8 then the
field enhancements would decay over a distance
comparable to the thickness of a monolayer.>!
However, comparisons of the optical properties of
tunnel junctions laid down on gratings with tunnel
junctions laid down on 1600-A-thick layers of
CaF, evaporated on a grating surface suggest that
our grating surfaces are still reasonably smooth.
They do not have the dark appearance of the
heavily anodized surfaces. For example, the con-
tinuum optical emission®® from the deliberately
roughened tunnel junctions laid down on thick
CaF, is almost 2 orders of magnitude stronger
than the continuum emission from the biased tun-
nel junctions on the unroughened gratings. The
gratings emission is of course dominated by the
SPP emission.”® The continuum emission is due to
the excitation of localized plasmon resonances>
which have been shown to produce SER scattering
on discontinuous films. These results suggest that
the Raman enhancement associated with the local-
ized resonances on our grating surfaces will be
considerably smaller (at least 100 times) than those
on the deliberately roughened surfaces. Since we
require an additional enhancement of the order of
3 orders of magnitude or more, this additional
field enhancement will probably not be able to
completely explain our experimental results.
Furthermore, it does not appear that it can readily
explain the molecule and mode-dependent results
we observe. If two modes have the same symme-
try, they should show the same enhancement, and
we have seen in Table I that this is apparently not
the case. While it is possible that the overall Ra-
man intensities may be determined by a combina-
tion of localized and delocalized conduction-
electron resonance, this combination cannot explain
the appearance of the experimentally observed
spectra, in particular the variation in the relative
intensities of different lines.

Both the polarization of the metal surface by the

molecule via the image-charge model and the
modulation of the conduction-electron density at
the metal surface by the molecular vibrations can
produce Raman tensors different from those pro-
duced by the normal modulation of the molecular
polarizability by the molecular vibrations.!>?*
While both models are unlikely to produce the gi-
ant enhancements necessary to explain the surface
Raman effect by themselves, when combined with
the enhanced fields of the plasmon resonances,'®?
they can result in enhancements close to those ob-
served. However, the enhancement obtained from
the image model is strongly dependent on the exact
position of the molecule with respect to the image
plane of the surface. At the atomic scale, the posi-
tion of the image plane will depend on the surface
topology. If the surface were treated as a collec-
tion of 50-A spheres, then the image plane for an
adsorbed molecule will not be the classical image
plane obtained from treating the surface as a flat
plane. In fact, the enhancement due to the image
model is substantially reduced for a small sphere.**
There are two distinct correlations between the
IETS spectra of our Ag junctions and the SER
spectra. In Fig. 14, we compare the IETS spectra
of a benzoic acid—doped Al-AlO,-Pb junction and
a 4-pyridine carboxylic acid—doped Al-AlO,-Ag
junction. The high-energy 3061-cm~! C-H vibra-
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FIG. 14. IETS spectra of a, a benzoic acid —doped
Al-AlO,-Pb tunnel junction and b, a 4-pyridine car-
boxylic acid —doped Al-AlO,-Ag tunnel junction.
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tion is clearly seen in the Pb junction but is ex-
tremely weak, though still sharp and well defined
in the Ag junction. The elastic tunneling back-
ground which rises monotonically with increasing
bias voltage in the Pb junction shows a broad max-
imum in the Ag case and decreases with increasing
bias voltage for biases above 3000 cm ™! (> 0.40
eV). The weak high-energy peaks and the
anomalous elastic scattering background have been
correlated by Korman et al.** with tunnel junction
structures where ®;, (Fig. 1) is less than 1 eV.

The monotonically increasing elastic scattering
background and strong CH vibrations are charac-
teristic of barrier heights above 2.0 eV. Lau and
Coleman® have reported that the effective barrier
heights for Ag junctions are relatively low, often of
the order of 1 eV or less.

We find from Table I that the intensity pattern
of the SER spectrum does not show any significant
resemblance to the intensity pattern of the Raman
scattering from the molecule in the bulk. These
changes are not associated with the chemisorption
of the molecule on the oxide but rather with the
presence of the Ag overlayer.’® They suggest that
the mechanisms responsible for SER scattering and
normal Raman scattering are different. While not
all the lines observed in IETS are seen in the SER
scattering, the relative intensites of the SER active
lines are comparable in both the SER and the
IETS spectra. This can be seen most clearly if we
consider the 1014- and 1610-cm ™! carbon ring
modes, the 1380-cm~! COO stretch mode, and the
3061-cm~! C-H stretch mode.

These results suggest a connection between the
processes responsible for IETS from molecular vi-
brations in these tunnel junctions and SER scatter-
ing. Any contribution to Raman scattering from
the tunneling interaction would be short ranged
and limited to the first molecular monolayer. It
would involve a polarizability tensor distinct from

the normal Raman polarizability tensor. Jha

et al.' have recently considered the modulation of
the optical polarizability of a metal surface by the
vibrations of an adsorbed molecule when @y, is re-
latively low. They showed that this could produce
a significant new channel for adsorbate Raman
scattering.

In Table II, we show the dependence on ®;, and
d, (Fig. 1) of the magnitude of the Raman tensor
associated with the scattering process considered
by Jha et al. The details of the theoretical treat-
ment responsible for Table II are in Ref. 19. The
results in Table II are normalized against an aver-
age Raman polarizability of Z . qpad where Z g is
the effective molecular charge and a is the Bohr
radius. From Korman et al.,** ®,, can vary from
less than 1 eV to as large as 5—6 eV. For all
values of ®;,, the modulated surface polarizability
contribution to the Raman tensor will be negligible
if d is greater than 10 A. This is expected since
tunneling lengths are of the order of an atomic dis-
tance. However, for low values of ®,, the modu-
lation of the surface polarizability by the molecules
can produce an effective Raman tensor consider-
ably larger than the normal Raman tensor. Exper-
imental values for the Raman polarizability vary
from between 0 05 and 10 A? for nonresonant Ra-
man scattering.”> The Raman scattering cross sec-
tion do/d(Q is related to the modulated surface
polarizability d3/dR; through the relationship
do _ (27)* 21'r 2

a0 = )

From Table II, for a molecule to image plane dis-
tance of 2.5 A and ®,,=0.50 eV, the Raman po-
larizability due to the modulation by a single vi-
brating atom of the electrons tunneling out of the
metal surface can be 150 A% Values of dB/dR; of
this magnitude will result in a Raman cross section

TABLE II. The dependence of the normalized surface Raman polarizability d B/dR; on
both the molecule metal distance d, and the molecule metal barrier height ®,,. The surface
Raman polarizability is normallzed against Z a3 where a, is the Bohr radius and Zg=1 or

a Raman polarizability of 0.25 A2,

d, (A) Dy (eV)
0.5 1.0 1.5
1 1986 155 31
2.5 597 22 2.5
5.0 41 0.37 0.015
10 0.016 0.000 34 0.000025
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of the order of 10728 cm?, or 3 orders of magni-
tude larger than the nominal Raman cross section
of 107! cm®. When combined with the SPP field
enhancement considered previously, it produces a
net enhancement of 5 orders of magnitude.

Any calculation of a Raman cross section in-
volves many parameters. The calculation of Jha
et al." is based on the optical conductivity of Ag
and on parameters deduced from the IETS of the
junctions. On the basis of the work of Korman
et al.** and the IETS results from our junctions,
®,,’s for the doped junctions which show strong
SER scattering are 1 eV or less.

The theoretical predictions of the magnitude of
the Raman cross section due to the modulation of
the electrons tunneling out of the metal are subject
to uncertainty since neither the correct normal
modes of the molecule or the actual electronic
wave functions of the molecule have been con-
sidered. However, we can compare the qualitative
predictions of the model with our experimental re-
sults.

The principal feature of the model of Jha et al.'®
is a short-range, molecule-specific enhancement of
I,. This is what was observed when we considered
the SER spectra of codoped tunnel junctions. Be-
cause the enhanced Raman scattering arises from
the molecular modulation of the surface polariza-
bility of the metal, and not from the modulation of
the molecular polarizability, the SER spectrum can
appear quite different from the normal bulk Ra-
man spectrum. This is shown in Table I when we
compare the intensity patterns for the SER and
normal Raman spectra. The similarities in our
theoretical treatment!® of SER scattering and the
theoretical treatment of IETS (Refs. 32 and 33)
suggest the relative intensity patterns of the SER
and IETS spectra of identically doped tunnel junc-
tions should be similar. This is the case if we con-
sider the principal lines of the SER spectrum.
However, not all the lines seen in the IETS spectra
are observed in the Raman scattering. Within our
model, it would be surprising if the SER spectra
completely agrees with the IETS spectra, since
there are substantial differences in the physical
processes. For example, in the IETS theory, the
scattering matrix element connects two tunneling
wave functions which enter the barrier region from
the opposite sides of the barrier. In the SER
theory, the electronic wave functions which are
scattered by the molecular vibration all come from
one side of the junction.

The model of Jha et al.'® predicts the angular

distribution and polarization of the scattered light
for values of 6; away from the SPP resonance an-
gles. The scattered radiation arises from oscillat-
ing dipoles oriented normal to the surface of the
metal. There will be no dipole scattering for

0, =0. The scattered light for other values of 6
should be p polarized. This is not observed in our
measurements of SER scattering from tunnel junc-
tions fabricated on a grating. However, the direc-
tions of the radiating surface dipoles are deter-
mined by the local normals on our films. At the
atomic level, our evaporated films on developed
photoresist surfaces will be neither smooth nor flat.
The evaporation of the Ag film on the molecular
monolayer raises questions as to the definition of
the atomic surface plane at the molecule-metal in-
terface. While the scattered field due to the modu-
lated surface dipole is zero in the direction of the
local normal at the surface, the variation of the lo-
cal normals about the macroscopic plane of the
grating will produce enhanced scattering at 6, =0.
Furthermore, theoretical calculations by Kirtley

et al.’® for the IETS cross section of adsorbates
find that the electron molecule interaction can in-
volve the higher-order multipoles of the molecule.
The modulation of the surface charge distribution
by the higher-order multipole interaction will pro-
duce scattering at 8, =0".

V1. SUMMARY

We have used doped, inelastic electron tunneling
spectroscopy junctions as a model system to study
the phenomena of surface-enhanced Raman
scattering. We have made use of both the fact that
evaporated thin films conform to the topology of
the substrate and of our ability to fabricate grating
profiles in our substrates in order to create systems
with easily characterized surface topologies to iso-
late the effects of microscopic (100— 10000 A) sur-
face roughness on SER scattering. The coupling
of light to the surface electromagnetic waves of an
Ag substrate can produce an enhancement of 2—3
order of magnitude of the Raman scattering effi-
ciency for adsorbed molecules. The coupling of
the scattered fields of the molecules to the radia-
tive surface electromagnetic waves of the substrate
can provide a further enhancement of the Raman
scattering efficiency. These results suggest that
surface-enhanced Raman scattering arises from the
enhancement of the electromagnetic fields on a
rough Ag surface. However, a second set of re-
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sults show there is also a local, short-range
molecule-specific contribution to SER scattering.
This mechanism will depend strongly on the exact
details of the interaction between the molecule and
the metal. We have modeled this effect using a
simple barrier between the molecule and the metal
and find that strong enhancements correspond to
barrier heights of 1 eV or less. Our model
represents the simplest possible description of the
interaction between the electronic structure of the
molecule and the metal surface. The total surface-
enhanced Raman effect will be the product of both
the short- and the long-range effects.

Our experimental results are consistent with ex-
perimental results obtained on other systems used
for studies of surface-enhanced Raman scattering.
Experiments in ultrahigh vacuum and on colloids
in solution show the effect of the excitation of the
surface electromagnetic wave resonances and the
presence of a short-range, molecular-mode-inde-
pendent contribution to the Raman enhancement.

These results show that the observation of
surface-enhanced Raman scattering depends on a
number of factors. Although the enhancement of
the Raman efficiency due to the excitation of the
surface electromagnetic modes of Ag or other no-
ble metals is generally less than 10° for the grating
structures, somewhat larger enhancements can be
obtained if alternative structure can be fabricated.'*
These include arrays of ellipsoids where the reso-
nant excitation of the surface electromagnetic
modes by the Raman-scattered fields of the mole-
cule can produce an additional enhancement com-

parable to the enhancement of the incident field at
the molecule. In this case, the enhanced scattering
will involve both the first monolayer and subse-
quent layers.

The enhancement of the Raman scattering due
to the tunneling interaction of the adsorbate and
the electrons of the metal can depend on the elec-
tronic wave functions. In our experiments, the lo-
cal effects on the Raman scattering efficiency pro-
duce variations in the Raman cross section of be-
tween 2 and 3 orders of magnitude. Experiments
in ultra-high vacuum on clean surfaces prepared at
room temperature or by sputtering at low tempera-
ture result in first layer enhancements that are be-
tween 30 and 500 times larger than the enhance-
ment for a more distant layer.*!> Experiments on
low-temperature evaporated films produce first
layer enhancements that can be 4 or more orders of
magnitude larger than any enhancement of a
second layer.>®° These differences may reflect
differences in the atomic structure of the surface
which can have a significant effect on the electron-
ic structure of the adsorbate.”’
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FIG. 2. Electron micrograph of an Al-AlO,-Ag tunnel junction laid down on a holographic diffraction pattern
developed in photoresist. Top is at normal incidence. White line at bottom is junction in profile.



