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Can photochemistry be enhanced on rough surfaces?

Abraham Nitzan® and L. E. Brus

Bell Laboratories, Murray Hill, New Jersey 07974
{Received 6 November 1980; accepted 18 February 1981)

Recent work! has shown that at least part of the sur-
face enhanced Raman phenomenon? (SERS) is due to the
intensified local electromagnetic field which occurs near
a surface protrusion (10-10° A scale) on a rough sur-
face. Incident fields are locally enhanced near the pro-
trusion by image, shape, and plasmon resonance effects.
Consequently, all types of electromagnetic interactions
should be affected. Indeed, enhanced absorption and
subsequent luminescence have recently been reported >

This communication addresses the question of whether
photochemical processes may also be enhanced. En-
hanced absorption does not necessarily imply enhanced
photochemistry because of the existence on the surface
of competing routes for molecular energy dissipation.
These are (a) radiationless transfer of molecular energy
to the surface and (b) thermal and photon induced de-
sorption of adsorbed molecules, It is therefore neces-
sary to study the time scale and the efficiency of the
photochemical process relative to these competing chan-
nels, It is also necessary to find and model dielectric
materials with resonances throughout the IR-UV photo-
chemical range.

To investigate the feasibility of surface enhanced pho-
tochemistry we study a classical molecular dipole at a
distance from the surface of a dielectric sphere of ra-
dius a and dielectric function €{w)= ¢,(w)+i€,(w). The
molecule is modeled as a polarizable point dipole with
characteristic frequency w,. Both a and d are much
smaller then the field wavelength A. The equations of
motion for the molecule and the dipolar modes of the
sphere are’

.. . 109 .
R+w§R+1‘R=E3—;—-(E+Mp1), (1a)
™ + 2y gy +H(wf 49Dy = ay(Wi+INE+ Mp) , (1b)

where R, u(R), m, and w, are the intramolecular coor-
dinates, and the associated molecular dipole, mass, and
transition frequency, respectively. For vibrational ex-
citation wjR may be replaced by (1/m)8V(R)/9R, where
V(R) is the intramolecular potential; for atomic transi-
tions | u(R)| =elR|, e and m being electronic charge and
mass, respectively. pu, is the dipole induced on the
sphere, w, is the solution to €;(w,)= ~2, y,=€,(w,)/
€1(wy), and o, =6a’w; [(wi+ydel(w,)]. E=E,coswt is the
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incident field, and M =(34% - T)/(d+a)®, where7iis a
unit vector along the molecule-sphere center axis.

Here € {=3¢,/3w, Finally, I'=Ty+ T is the molecular
decay rate. T is the free molecule term and T’y (analo~
gous to the surface induced decay term of molecule near
a plane surface®) arises from the interaction of the
molecule with all the nonradiative (£ >1) sphere modes.”
These equations describe two coupled Drude dipoles in
an external field. Equation (1b) is approximate and ap-
plies when w, is not too different from w, All the pa-
rameters in Eqs. (1) are estimated from available spec-
troscopic data.

We now consider two examples: I, photodissociation
near 4500 A is a one -photon process with a short (~107*
sec) excited state lifetime. We simulate the continuous
I, absorption by a broad Lorentzian resonance, Figure
1 shows the steady-state absorption line shape [e.g.,

80.0
I, PHOTO-DISSOCIATION NEAR
L A SILVER SPHERE
& G0.0L-
E
z
=)
ot L
[
g
5 400+
E o
o d=5A
[*] -
7]
@
< -
o~ d=50A
" 200}
FREE I,
o] i |
21 23 25 27
PHOTON ENERGY (103 cm-1)
FIG. 1. Effective absorption cross section vs incident fre-

quency for a model of I, photodissociation. d is the distance
from the surface of a silver sphere of radius a=500 A. The
molecular dipole lies along sphere radius.
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FIG. 2. Energy accumulation in an anharmonic molecule (v
=965 cm™!, radiative lifetime corresponding to the 0-1 v,
transition in SF; and nonradiative lifetime corresponding to
108 cm™!) as a function of time for different distances from a

n-type InSb sphere with dipole resonance at 967 cm™, @=500 A.

rate of energy pumping into the I, calculated from Eq.
(1)] for several values of distance d near an Ag sphere
(wy=28230 cm™, I';=382 cm™). The line shape in Fig.
1 directly gives the excitation spectrum for I atom pro-
duction in view of the short I lifetime. There are two
effects leading to enhanced photochemistry: (a) The
4500 A I, absorption increases as d decreases due to the
enhanced local field at this wavelength; (b) there is a
new photodissociation maximum at the sphere wave-
length of 3540 fﬁ, resulting from sphere absorption fol -
lowed by energy transfer to L,.

As a second example we consider the IR multiphoton
excitation of a molecule (modeled as a damped har -
monic oscillator with parameters corresponding to the
0~1 vy transition of SF,, wy=965 cm™) near an n-type
InSb sphere doped to give a free carrier plasmon reso-
nance nearly coinciding with a CO, laser line.® The
resonance corresponds to w, =967 cm™ and I'; = 16,2
cm™. Figure 2 shows the time evolution of molecular
energy accumulation for an incident field intensity 2
%10® W/em? as a function of 4. Enhancement ratios of
10%2-10° relative to the free molecule are observed.

These results show that photochemistry may be en-
hanced on rough surfaces. Figure 1 demonstrates that
(in contrast to plane surfaces) small particles or sur-
face protrusions may absorb light and transfer energy
to nearby molecules (leading to the ~28 000 em™! peak in
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Fig. 1). Figure 2 demonstrates that enhanced IR pump-
ing may compete successfully with damping into nonra-
diative surface modes provided that d is not too small,®
The requirement that d be not too small is qualitatively
different than in SERS, where Raman scattering is max-
imum on the surface., The short psec time scale of the
pumping rate and the long range of the effect (appreci-
able even at d/a~0.25) imply that pumping may also
compete successfully with thermal desorption processes.
This example also demonstrates the use of doped semi-
conductors to enhance IR radiation fields. We could al-
ternatively employ an ionic crystal such as SiC whose
dielectric response'® leads to a optical phonon sphere
resonance near w;~930 cm™, We conclude that efficient
photochemical catalysis may occur on appropriately
rough surfaces. Processes involving coherent multi-
photon absorption steps (which will be highly enhanced
due to the nonlinear dependence on the local field inten-
sity) suggest themselves as candidates in attempts to
verify this prediction.

Finally, note that we demonstrate an effect which in
practice will have more complex resonance conditions
due to the various shapes and interaction among the di-
electric particles.
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