
VOLUME 50, NUMBER 21 PHYSICAL REVIE%' LETTERS 23 MAY 1983

Direct Observation of the Local-Field-Enhanced Surface Photochemical Reactions
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The enhancement of photochemical reactions on surface-supported metallic particles is
reported. The result is obtained by uv photodissociation of organometallic molecules ad-
sorbed on the supporting surface. Transmission electron-microscope micrographs of the
resulting photodeposited film reveal enhanced deposition on and near the metal particles,
and a clear interference pattern resulting from the mixing of the incident and reradiated
light. The importance of the particle plasma resonance is described.

PACS numbers: 82.50.-m

In this Letter, we report a direct observation
of a surface-enhanced photochemical reaction.
The experiment is motivated in part by the re-
cent studies of enhanced Raman scattering (SERS)
on rough metal surfaces. ' Although the exact
mechanism of SERS is still a matter of some
controversy, it is clear that much of the enhance-
ment results from a plasma resonance in the
metal protrusions on the surface, which in turn
greatly magnifies the local optical electric field. '
This explanation suggests that a similar enhance-
ment should exist for photochemical phenomena
occurring on similarly shaped metal surfaces.

The possibility of such surface-enhanced photo-
chemistry has been discussed theoretically by
Nitzan and Brus. ' However, they emphasized
that the rapid relaxation occurring on metal sur-
faces can be expected to quench long-lived photo-
chemically active states. In this Letter, we use
the photodecomposition of a metal-alkyl adlayer
and its resultant metal deposit to show that en-
hanced di~ect photochemical reactions can occur
in the vicinity of metal spheroids.

According to the above discussion two condi-
tions have to be fulfilled to observe such an en-
hanced reaction. First, the reaction chosen
must involve a short-lived dissociative state;
that is, the chemical reaction should occur in
1o ' -10 ~ s. Second, the frequency of the inci-
dent light should be at a plasma resonance of
the metal structure. The resonant frequency of
a metal ellipsoid depends sharply on the dielec-
tric constants of the metal and the shape of the
metal feature.

While silver has been almost exclusively used
in SERS studies, the resonance frequencies
typical of silver structures are too low to affect
most direct one-photon photochemical reactions.
However, optical and electron-beam energy-loss
spectra4 show that several other metals such as

Cd, In, and Al do exhibit sharp absorption peaks,
as a result of a plasma resonance, in the mid-uv
region4; see Table I. For small particles the
resonant frequency, ~„,depends on the particle
shape; see below. The resonant frequency ~„
for a sphere of a metal which can be described
by a Drude-type free-electron model is &u, = &u~/

W3. Table I also lists u&~/v 3 for the same
metals, as well as the experimental value of co„.

The photochemical reaction chosen was the
photodissociation of Me,Cd (dimethyl cadmium)
by a 257-nm laser beam. The photodissociation
mechanism of Me,Cd has been studied carefully
and the required instantaneous dissociation
mechanism was confirmed. The absorption
spectra of the Me,Cd vapor and physisorbed lay-
er have also been recently studied. ' While both
phases exhibit adsorption at 257 nm, the adlayer
adsorption is stronger by a factor of 5.

The experiment consisted of observing the dis-
tribution of photodeposited cadmium in the vicin-
ity of metallic spheres supported on a thin di-
electric substrate. The spheres were made of
two metals, cadmium and gold, which possess,
respectively, a very strong plasma resonance
and no plasma resonance near 257 nm.

Metal
E& bulk
metal

Ep for
sphere

Cd
In
Al

Ag

8.5
11.4
15.0
3.7

5.0
7.4
8.3
3.5

4.9
6.6
8.7
2.1

TABLE I. Plasma resonance energies (eV) of several
metals, calculated from the data given in Befs. 4 and 5.
E& is defined as the photon energy at which eq ——0; E„
for a sphere is the energy at which g& ———2.
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The cadmium spheres were made on very thin
(-10-nm) carbon films, after a procedure by
Kimoto et al.,' by evaporating 0.5 mg of cadmium
metal in a vacuum evaporator filled with 3-5
Torr of pure argon. The film was then separated
from the substrate and supported on standard 3-
mm-diam copper grids.

The transmission electron micrographs of
those cadmium particles showed that the sizes
were distributed from 10 to 300 nm. The cad-
mium particles with diameters less than 100 nm

were essentially spherical [Fig. 1(a)j. Those
bigger than 100 nm were hexagonal single crys-
tals as previously reported. '

The grids with cadmium particles were en-
closed in an optical cell with fused-silica win-
dows and filled with 1 Torr of Me,Cd and 1000
Torr of argon. The cell-fill procedure and pres-
sure were described in Ref. 9. Under these
conditions, the dominant contribution of atoms
to the photodeposited metal comes from mole-
cules in the surface adlayer. One of the 0.1 &0.1-
mm' windows of the grid was then irradiated by
a weakly focused 257-nm uv beam from a fre-
quency-doubled argon-ion laser. The grid pat-
tern was aligned with the polarization of the light
for identification. The intensity of the uv beam
was estimated to be &1 W/cm'; thus substrate
heating was not important. After a 1-min ex-
posure, a thin metal deposition was observed
with an optical microscope. The microstructure
of the deposited film was then examined again
with a transmission electron microscope (TEM)
with 1-nm resolution. Figures l(b), l(c), and

1(d) show TEM micrographs of the carbon film
with the evaporatively deposited Cd particles
after a short period of photodeposition from the

E vector

FIG. 1. The TEM photographs of the carbon film with

miniature cadmium particles (a) before photochemical
deposition, showing randomly distributed spheres;
(b), (c), (d) after photochemical deposition, showing

elliptical similar growth to similar sizes, well aligned
with the electric field of the light.
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~„=~~ [ (n - tanh)/tanh sinh'o, j 'i', (2)

where cosho. =a/6 and b is the semiminor axis,
also smaller than the wavelength of light. The
dependence of Id„ona/b for cadmium is shown

(CH, ),Cd adlayer. The small spherical particles
of initial diameters 10-100 nm grew into ellip-
soids with their long axes aligned to within + 10'
along the electric-field vector. During the same
period no enhanced growth of either the very
small (a ( 5 nm) or very large (ri ~ 200 nm) par-
ticles occurred. After much longer periods of
exposure the slow growth of the smaller par-
ticles into larger ellipsoidal shapes was ob-
served.

Measurements of a large number ()200) of
particles showed that the ellipsoidal growth
slowed when the particles grew into a ratio of
a/b of 1.80+ 0.31 and a major axis 2a of 110+40
nm. The thin cadmium deposition on the carbon
film around these particles showed a regular
pattern; there was a zone of weak deposition
around each ellipsoid, especially along the par-
ticle's equator [Figs. 1(b) and 1(c)J.

In experiments using supported gold particles,
the initial metal spheriods were of comparable
size and shape as for the case of the cadmium
structures. However, despite the fact that we
were also able to produce photodeposited film
under the same circumstances as for the cad-
mium particles, no ellipsoidal growth occurred
from the gold particles.

The growth of the ellipsoidal particles shown
in Fig. 1 may be explained after first determin-
ing the optical electrical field occurring in the
vicinity of metal particles in plasma resonance
with the applied field. The electric field near
the surface of a metal ellipsoid [Fig. 2(a) j can
be calculated by using the electrostatic approxi-
mation and by taking into account the (optical)
frequency -dependent dielectric constant. For
cadmium, optical measurements show that the
free-electron-gas model is a reasonable descrip-
tion. ' In this case the dielectric function can be
represented in the mid-uv region by the Drude
formula with reasonable accuracy':

E((d) = E&(4&) +lE2((a&) = 1 —(d&/CO(fd +i/ r), '

where ~~ is the plasma resonance frequency of
the bulk metal and 7 is the relaxation time of the
electrons. With use of this frequency-dependent
dielectric constant, it can be shown that an el-
lipsoid, illuminated with the geometry shown in
Fig. 1, has resonance frequency
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FIG. 2. (a) Distribution of electrical energy density on the surface of a metal particle in an external optical elec-
tric field. The numbers show the relative strengths of g, which are proportional to the photodissociation rates at
these equifield lines. (b} Variation of the resonance wavelength of prolate cadmium sphercids with the ratio b/a

(using the data of Hef. 5}. (c}Variation of the quality factor Q of cadmium spheroids with the size a, b/a = 1.2.

in Fig. 2(b).
The quality factor Q of the plasma resonance

for the particles is limited not only by the re-
laxation time ~ of the bulk metal, but also by
two size-dependent factors. For very small par-
ticles, when the size, I =(ab')' ', is smaller than
the mean free path, l„ofthe electrons, the wall
collision shortens the relaxation time. For larg-
er particles, the radiation loss which is propor-
tional to the square of the volume t/ of the par-
ticle dissipates much of the energy. We have

where k is the wave vector. The dependence of

Q on the size of the cadmium particles is shown
in Fig. 2(c).

For photochemical reactions on and near the
surface of the metal spheroid, the local transi-
tion probability of an insta. nta. neous one-photon
reaction is proportional to the square of the local
electric-field intensity of the radiation. If we
take prolate spheroidal coordinates as

c sin0
X = . COS@q

Slnh Q

c sin6} . c cos 6I

Sing~sinhn ' tanh n '

the reaction rate on the surface is proportional
to 10

2 1
@2 0

(1-~r'/&u')'+ Q
' 1-tanh'n cos'8

cos'8 a —sinho. cosho.
X + sin'0

cosh2n n —tanh n

The relative values of E' on the surface of a
metal spheroid of a/b = 1.5 are shown in Fig. 2(a);

the reaction rate at the pole is =10 times great-
er than that at the equator. For metal spheres,
the ratio is 4.

Our experimental observations can now be ex-
plained by the electric field near the surface of
the particle. It has recently been found that Cd
metal can be locally photodeposited from ad-
sorbed molecular films. ' Thus, an initially
spherical particle, covered with a metal-alkyl
layer, will grow via photodeposition much faster
at its poles than at the equator, because of the
anisotropy in F. given in Eq. (5). During its
growth it will transform from a near spherical
to a prolate geometry, giving rise to the ellipti-
cal particles shown in Figs. 1(b), 1(c), and 1(d).

The statistics of the final shapes and sizes of
the particles could be interpreted as follows.
According to the theoretical treatment, the
cadmium particles have a resonance with the
257-nm light when a/b =1 and Q peaks for a = 10-
30 nm. The particles within this size and shape
range will grow quickly into spheroids. When
the ratio a/b exceeds 1.5, two competitive ef-
fects exist. The reaction rate at the poles is
much higher than the spheres, thus making the
poles grow even faster. The resonance frequen-
cy, however, drops rapidly with increasing ratio
a/b. A final, average ratio of 1.8 is reasonable.
Moreover, when the size of the particles, de-
fined by a, exceeds 50 nm, the radiation loss
will lower drastically the quality factor of reso-
nance; thus an average, final size of 2a~ 110 nm

is reasonable. The dropoff in Q with small and
large particle size is also responsible for the
slow growth of both very small and very large
particles.

$707
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The final shape of the photogrown particle can
be calculated by a computer simulation by nu-
merically solving the two coupled differential
equations for growth along the minor and major
a.xes for various initial sizes. The results of
the calculation confirm this conclusion. Finally,
the absence of enhanced growth for gold particles
is due to the lack of a plasma resonance for gold
at 257 nm.

The thin area of deposition which appears
around the ellipsoidal particles results from
interference of the reradiated electric field with
the incident field. A computer simulation of the
interference field (Fig. 3) showed a similar
geometric pattern. Note the nearly elliptically
shaped area, of highest intensity and the two small
areas of lowest intensity at a distance A/2 from
the center perpendicular to the incident electric
field intensity. These same features are ob-

FIG. 3. The distribution of the electric energy density
near a resonating metal particle. The area of a spot is
proportional to the electric energy density at that point.
For clarity, the spot sizes near the center are "clipped"
at a value ten times that of the incident field.

served in the TEM micrographs of Fig. 1.
In summary, we have shown that direct photo-

chemical reactions can be enhanced by supported
metal structures. Our results are important for
the understanding of photon-induced surface reac-
tions and for understanding the early stages in
metal photodeposition processes.
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