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Coupled surface plasmons in periodically corrugated thin silver films
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We investigated experimentally the coupled modes of surface plasmons in periodically corrugated
thin silver films in a thickness range from 26 to 121 nm. The films studied were self-supporting and
corrugated with a period of 1888 nm and amplitudes varying from 6 to 12 nm, depending on the
film thickness. Propagation and damping constants of the coupled modes in these films were deter-
mined from angle-scan photoacoustic measurements of the resonance absorption of 633-nm photons.
Evidence was obtained which indicated that the presence of periodic corrugations was not the pri-
mary source of the observed difference between these constants and those in the planar films. The
coupling efficiency of an incident photon to the coupled modes evaluated for a constant corrugation
amplitude was found to be strongly dependent on film thickness.

I. INTRODUCTION

Resonant coupling of an incident photon to surface
plasmons on a periodically corrugated metal surface and
subsequent interaction of surface plasmons with surface
corrugation structure have been the subject of many re-
cent investigations. ' Most of these works have dealt
with a corrugated single surface of an infinitely thick met-
al and, hence, surface plasmons as a single-surface mode.
It is well known ' that in a thin metal film, surface
plasmons on the two surfaces interfere with one another
and set up coupled two-surface modes if the film is thin
enough and bounded on both sides by media with the
same or nearly the same refractive index. The mode with
a higher frequency (the co+ mode) produces a surface
charge asymmetric with respect to the midplane of the
film with the electric field predominantly normal to the
film. The other mode with a lower frequency (the co

tnode) produces a symmetric surface charge with the elec-
tric field essentially parallel to the film. Recently, we re-
ported" briefly the first experimental observation of
resonant excitation of coupled surface plasmons by pho-
tons in a periodically corrugated thin silver film. This ob-
servation was made with a 44-nm-thick self-supporting
film using a photoacoustic technique. ' In the present pa-
per, we report experimental results obtained with similar
films with thickness varying from 26 to 121 nm. The ex-
perimental results are analyzed in terms of the propaga-
tion and damping constants of the two coupled modes and
the coupling efficiency of incident photons to these modes
as a function of film thickness and corrugation amplitude.

Coupled surface plasmons in a planar metal film have
been studied rather extensively' for the last two decades
using electron-energy-loss spectroscopy. However, due to
the limited instrumental resolution inherent to this tech-
nique, these earlier studies have been restricted to the
large wave-number region (the retarded region). In recent
years, there has been considerable renewed interest' ' in

experimental studies of the coupled modes in the retarded
region near the light line. The interest arose after it was
discovered' ' theoretically that the lifetime and, hence,
the range of propagation of the co+ mode (the co mode)
increases (decreases) as the film thickness decreases. Ac-
cordingly, these modes have been called in recent studies
the long- and short-range surface plasmons (LRSP) and
(SRSP), respectively. This interesting property of the cou-
pled modes stems from the fact that the fraction of the
electric field associated with the co+ mode (the co mode)
inside the film becomes small (large) as the film thickness
decreases, and hence the rate of internal dissipation also
becomes small (large). This theoretical prediction has
stimulated several attempts to excite the coupled modes
by photons' ' and to use the long-range mode to
enhance nonlinear optical interactions i7, 2o —22 Kuwa-
mura et al. ,

' Quail et al. , ' and Craig et al. ' have ob-
served an extremely narrow resonance of this mode in thin
silver and aluminum films, exhibiting its long-range prop-
agation, with the resonance width smaller by a factor of
10 than that of the ordinary single-surface mode. These
observations have been made by angle-scan attenuated-
total-reflection (ATR) measurements using prism cou-
pling. The present experimental study employing grating

' coupling complements these earlier studies and is aimed at
exploring the effects of periodic corrugations on the
dispersion and damping of these modes.

II. EXPERIMENT

The self-supporting thin silver films with shallow
periodic corrugations were made by following a procedure
which was improved somewhat from that used earlier. "
First, a thin collodion (cellulose nitrate) film was prepared
by spreading a drop of collodion solution on the surface
of a water pool and allowing the solvent to evaporate.
Next, a piece of plastic sheet grating was coated with the
collodion film by using the grating to pick up the floating
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film. After vacuum-evaporating silver on the top of the
collodion film, the silvered side of the grating was glued
onto a (2X10)-mm aperture of an aluminum frame and
then immersed into a pool of amylacetate, a solvent for
collodion. The collodion film dissolved away within a
few hours, leaving a corrugated silver film separated from
the grating mold. The silver film on the frame was care-
fully lifted from the pool of amylacetate and immediately
kept in a small glass container to help the film to dry
slowly. We noted that the thinner the film, the slower the
speed needed to obtain a rupture-free film.

The best results were obtained with collodion films
whose thicknesses were 40+5 nm. It was found that
thinner collodion films tended to give gratings exhibiting
large resonance half-widths, indicating defects in the grat-
ings. Thicker films, on the other hand, tended to produce
gratings whose corrugations were too shallow for detect, -

able plasma resonances. In order to obtain silver films
thinner than -80 nm, a two-step procedure was neces-
sary. First, only the unsilvered side of the grating was ex-
posed to the pool of amylacetate. After a few hours,
when the collodion film had dissolved away, the grating
was immersed by pouring additional amylacetate into the
pool. The first step was necessary to prevent the solvent
from attacking the collodion film from the silvered side
through pin holes in the silver film and causing serious
damage to the silver film prior to separation from the
plastic grating. By following these fabrication procedures,
we were able to produce periodically corrugated, self-
supporting silver films with thicknesses from 26 to 121
nm. Judging from the resonance half-widths, these films
were relatively more free from defects than those used in
our previous study.

The thicknesses of the silver films were measured by a
quartz crystal thickness monitor during the vacuum
evaporation. Their spatial periods of corrugation were
determined by measuring the diffraction angles of 633-nm
photons from a He-Ne laser. The groove separation for
all films with different thicknesses fell in the range
1888+3 nm, and no significant difference beyond experi-
mental uncertainty was found among them. The corruga-
tion amplitudes h were determined from the first-order
diffraction intensity at normal incidence measured on the
incident side of the films with 633-nm photons whose
electric field vector was polarized parallel to the grooves.
The calculation of h was made by using a theoretical ex-
pression for diffraction efficiency of an ordinary shallow
metal grating, taking into account the effect of the exit
surface of the film on the observed first-order intensity.
As shown in Fig. 1, the values of h were found to vary
linearly from 5.7 to 11.9 nm with film thickness. An ex-
ception was the 76-nm-thick film whose corrugation am-
plitude was 18.8 nm.

As in our previous study, "we have employed the pho-
toacoustic (PA) method' for observation of resonant exci-
tation of coupled surface plasmons. We have already
demonstrated that this relatively new experimental
technique, which measures absorption of photons by prob-
ing heat generation occurring inside the sample under
study, is a useful, convenient experimental one for investi-
gation of plasma resonances in corrugated metal surfaces.
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FIG. 1. Corrugation amplitudes h of self-supporting thin
silver films as a function of film thickness. Dotted line was
drawn as a guide to the eyes.

III. RESULTS AND ANALYSIS

The PA signals observed with p-polarized incident pho-
tons for the films with thicknesses from 26 to 121 nm are
presented in Fig. 2 as a function of the angle of incidence.
The thickest, 121-nm-thick film exhibits sharp peaks at
two different angles, 44.8' and 21.7'. These peaks are
due to corrugation-mediated plasma resonances and corre-
spond to the m =+1 and + 2 resonances, respectively,
given by the resonance condition ksp ——(co/c) sing
+ m (2n /d), where ksp is the surface plasmon wave num-
ber, P the angle of photon incidence, d the corrugation

The PA cell used was of the same type as described be-
fore and equipped with an electret condenser micro-
phone and two parallel glass windows. The self-
supporting thin filin sample was set in the cell with the
grooves perpendicular to the plane of photon incidence.
Distances between the film and the entrance and the exit
windows were 1.5 mm, and the total volume of the cell
cavity, filled with air, was 0.19 cm, including the space
above the microphone diaphragm.

A parallel beam of 633-nm photons from a 1-mW He-
Ne laser was directed to the film sample inside the cell
through the entrance window after being chopped at 300
Hz by a mechanical light chopper. The PA signal from
the film sample was detected as a function of the angle of
incidence using a lock-in amplifier. The silver films were
thinner than the thermal diffusion length of silver, ' 0.043
cm at 300 Hz, by a factor of 10 . They were bounded on
both sides by air, - which is a good thermal insulator. The
PA signals from such thin film samples have been
shown to be proportional to the absorptance, the frac-
tion of the incident photon energy dissipated in the film.
The PA signals depend also on the film thickness as

~Q ~

=CAF(t), F(t)=(t /p, +2gtlp, +2g ) ', (1)

where
~ Q ~

is the PA signal (amplitude), C the instru-
mental constant depending on thermal and dimensional
properties of the cell gas, A the absorptance, t the film
thickness, p, the thermal diffusion length of the sample
material, and g the thermal mass parameter of the cell gas
relative to the sample material. In order to compare the
PA signal intensities between the films with different
thicknesses, it was necessary to take this dependency into
account.
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FIG. 2. Photo acoustic signals from periodically corru ated,
self-supporting thin silver films observed as a function of the
angle of incidence of a p-polarized 633-nm photon. Groove
separation = 1888 nm.
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FIG. 3. The ro ap p gation constants ksp observed for the k+
and k mo esodes o~ coupled surface plasmons in periodically cor-
rugate, sel -supporting thin silver films as f ' f

ic ness. The two so iTh solid curves represent the real part of the

~ ~

complex wave number k {=k +ik ) f thi 2 or t ese modes in planar
silver films calculated from their d'eir ispersion re ations.

5k = (co/c)(cosP„) AP, (2)

penod, co the angular frequency of the incident photon,
and c the velocity of light. These thick film data are
similar to our previous results ' bt

'
d r"

surface shallow diffraction gratings of silver.
The thinner films exhibit resonance structures in the

same angular regions as exhibited b the 121-
i m. t is seen, however, that each peak for th f'1

thinn er than 91 nm splits into two peaks, one at a higher
or e i ms

angle and the other at a lower angl Th' 1'e. is sp itting is due
asmons resu ting fromto excitation of coupled surface plasm 1

' f
t e interaction of plasmons on the two surfaces of the
i ms.

The peaks at the lower and the higher resonance angles
'c mo es,

modes according to their wave numbers relative to the
sing e-su ace mode. As is seen in Fig. 2 th 1

i erence between these two modes in r
e anguar

the film thickness
es increases gradually as

e i m t ickness decreases. Also, the resonance widths
modes become narrower and broader,

respectively, with decrease of the film thickness, exhibit-
ing t eir ong- and short-range propagation properties. In
addition, the intens' '

ities of the m =+1 resonance near 44
weaken as the film becomes thin, whereas the intrinsic ab-
sorption in the off-resonance angular regions becomes
considerably stronger. The intensities of the rn =+2 res-
onance near 22', on the other hand, vary drasticall from

e next and are undetectable in some of the
ras ica y rom

ilms, reflecting a slight difference in their corrugation
profiles. In what follows, we analyze these results with
primary interest on the effect of periodic corrugations.

A. Propagation constant and the resonance width

The propagation constants ksp of the coupled modes
were determined from the bobserved resonance angles using
t e resonance condition given above. From the

at t e a maximum, the resonance h lf-
s hk were determined by using the relationship

mined from
where P, was the resonance angle. k and b,k th
mine rom the angle-scan measurements of the plasma
resonances at a fixed
with k and 2k

p oton frequency may be compared
2, where k~ and k2 are the real and imagi-

nary parts of the complex surface plasmon wa bwave num er
ispersion re ation

e angu ar frequency co as a real number. In the
comparison of b,k with 2k2, we assume that the plasma
resonance line shape is Lorentzian.

In Figs. 3 and 4 we present the results of ksp and Ak,
respectively, obtained for the two coupled modes as a
unction of film thickness. Also plotted in these figures

dispersion relations of these modes in 1 f'1

the li
es in p anar i ms using

e literature value of the optical co t t f '1ns an o si ver
e= — .3+io 53) at 63.3 nm. It is seen in Fig. 3 that

the general behavior of ksp for both the k+ and k
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FIG. 4. The resonance half-width hk observed for the k+
and k modes oof coupled surface plasmons in periodically cor-
rugated, self-supporting thin silver films as a function of film
thickness. The two solid curves represent twice the imaginary

modes in
part of the complex wave number k {=k ikr = i+i 2) for these
mo es in p anar silver films calculated from their dism eir ispersion re-
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modes as a function of film thickness agree well with the
calculated results of k i. However, the values of ksp
found for both modes are consistently larger than the cal-
culated values of ki at all film thicknesses. Results simi-
lar to this are found in Fig. 4, where the experimental re-
sults of hk are compared with the calculated results of
2k2. ' Of particular importance in the results in Fig. 4 is
that the values of hk obtained for the k mode (the
long-range mode) are considerably larger than the calcu-
lated values of 2k2. This implies that the ranges of prop-
agation of this mode in our corrugated films are consider-
ably shorter than those expected for the planar films. For
exainple, the experimental propagation distance ( = I/b, k)
of this mode obtained for our 26-nm-thick film is 63 pm,
while the calculated distance ( = 1/2k2) in the planar film
of the same thickness is 840 pm.

For the single-surface mode on an infinitely thick metal
surface, it is well known that the presence of periodic cor-
rugations on the surface changes the propagation and the
damping of such a mode from what they are on a planar
surface. Pockrand and Raether' ' have found experi-
mentally that ksp and bk of the single-surface mode on
shallow corrugated silver surfaces both increase as the
corrugation amplitude h increases and may be represented
by

~o 0I5
3

(ksp ksp) /(~/C
EXPERIMENT

O. IO

(k
~

k
~

) / (.cd/c)

CALCULATION

o
3

,
~ 005

I

CL+ th

ksp —ksp, the difference between the two modes, as a
function of film thickness, with the calculated values
ki+ —k& for the planar film. If we denote the contribu-
tion of periodic corrugations to ksp for the two modes by
5+ and 6, respectively, i.e.,
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FIG. 5. Observed difference between the propagation con-
stants ks+p and ksp for the k+ and k modes as a function of
film thickness. The solid curve represents the calculated differ-
ence between the real parts of the complex wave number
k ( =k i +ik2) calculated for the two modes in a planar film.

ksp ~sp, o+

hk =Ako+h B,
(3)

(4)

k s+p ——k s+p, o+5+

ksp =ksp, o

respectively, for h &60 nm, where ksp 0 and b, ko are the
propagation constant and the resonance half-width,
respectively, on a planar surface, and A and 8 are positive
constants. This experimental observation is explained by
the perturbation theory due to Kroger and Kretschmann
of the effect of corrugations on surface plasmon disper-
sion. The results obtained in Figs. 3 and 4 appear to be
similar to the single-surface mode results. However, evi-
dence in the present data makes it difficult to ascribe the
discrepancies found between the experimental and calcu-
lated results in Figs. 3 and 4 to the effect of periodic cor-
rugations in our silver films.

The first evidence is found in the results of our thickest,
121-nm-thick film, in which a single-surface mode was
excited. According to Kroger and Kretschmann's expres-
sion, the effect of periodic corrugations on both ki and
2k' for this film are calculated to be in the order of
0.0001co/c. The differences seen in Figs. 3 and 4 are an
order of magnitude larger than these predicted values.
The second evidence is found in the experimental results
of the 76-nm-thick film, whose corrugation amplitude
was nearly twice that of the other films (see Fig. 1). If the
discrepancies are due to the effect of periodic corrugations
as described by expressions (3) and (4), we would expect
this film to exhibit discrepancies nearly four times larger
than those exhibited by the othe films. However, such ex-
ceptionally large discrepancies are not found in the results
in Figs. 3 and 4 for the 76-nm-thick film. These experi-
mental facts suggest strongly that the presence of periodic
corrugations is not the major source of the observed
discrepancies.

To confirm this inference further, we compare in Fig. 5

then

k sp k sp (k sp, o k sp, o ) + ( 5

k sp 0 —k sp p is the difference in

gasp

between the two
modes in a planar film and, therefore, corresponds direct-
ly to k &+ —k

&
. As seen in Fig. 5, the agreement between

k sp —k sp and k i+ —k i plotted as a function of film
thickness is remarkably good, indicating that 5+=5 or
5+ and 5 =0. The former case, 5+=5, implies that
the effect of surface corrugations is the same for the two
coupled modes for all film thicknesses. This does not
seem plausible because, as we noted before and will show
later, the electric fields associated with these two coupled
modes are considerably different for different film
thicknesses. Hence, the latter special case, 6+ and 5 =0,
is inferred, which supports our conjecture made above
that periodic corrugations had no appreciable effect on
the experimental results in Figs. 3 and 4. A conclusion
similar to this is obtained from Fig. 6, where hk —Ak
the difference in half-widths between the two coupled
modes, is plotted as a function of film thickness and com-
pared with the calculated values 2k2+ —2k' for the pla-
nar film.

As mentioned above, we have used the literature
values of the optical constants of silver in our calcula-
tion of ki and 2k2. These values were found to give nor-
mal incidence transmittance values of planar silver films
which were consistent with those measured for our corru-
gated films (the zero-order transmittance). In order to
check if this could be a possible source of the discrepan-
cies in Figs. 3 and 4, we have tried to find values of the
optical constants which gave kj and 2k2 values agreeing
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with the experimental values of ksp and Ak, respectively.
For the single-surface mode observed for the 121-nm-
thick film, we found that @=13.2+i 0.61 reproduced the
observed ksp and Ak values. This value of e, however, re-
sulted in ki and 2k2 values for the k+ mode in the 26-
nm-thick film which were nearly twice the observed ksp
and Ak values, respectively. For the two coupled modes
in thinner films, it was not possible to find optical con-
stants which yielded k~ and 2k2 values consistent, respec-
tively, with the observed ksp and b,k for both modes
simultaneously.

These results imply that there exist some other sources
which modified the propagation and damping properties
of the coupled surface plasmons in our corrugated films
from those in planar films. In our films fabricated by the
method described above, microscopic random roughness
was difficult to eliminate, since most of this existed origi-
nally on the surface of the replica grating used as a mold.
Inspection of the silver films at various stages of the
fabrication process by a scanning electron microscope in-
dicated that the collodion film used as a parting agent di-
minished some of the random roughness of the grating
mold. However, the roughness with relatively long corre-
lation lengths was found remaining in the films, together
with some irregularities in the corrugation profile, even
after being formed as self-supporting films. These imper-
fections could be a source of the observed modification of
ks and~k

B. Intensity of the resonance absorption

As mentioned before, the PA signals from the silver
films shown in Fig. 2 as a function of the angle of photon
incidence are proportional to the absorptance A which is
defined by 2 =1—R T in the case of a pla—nar film,
where R and T are the reflectance and the transmittance,
respectively. The PA signals depend also on the thickness
of the film in a manner given by Eq. (1). Before analyz-
ing the experimental results of the resonance intensity, let
us verify this latter dependence of the PA signal in our ex-
perimental results presented in Fig. 2.

In the off-resonance angular region, the photon absorp-
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FIG. 7. Photoacoustic signal observed for periodically corru-
gated, self-supporting thin silver films at normal incidence as a
function of film thickness. The dashed curve represents the ab-
sorptance A calculated for planar silver films, and the solid
curve represents the photoacoustic signal calculated therefrom.

tion in our corrugated films may be supposed to be not
too different from those in planar films. Therefore, using
the literature values of the optical constants of silver, we
first calculated R and T at normal incidence for a self-
supporting planar silver film as a function of film thick-
ness. Using the absorptance values A deduced from them,
the PA signal

~ Q ~

at normal incidence was calculated
from Eq. (1) as a function of film thickness. The results
of

~ Q ~

are plotted in Fig. 7 and compared with the ex-
perimental results of Fig. 2 at normal incidence. The cal-
culated results were fitted to the experimental results at
the film thickness 121 nm by adjusting the value of the
constant C in Eq. (1). As is seen, agreement between the
two results over the range of the present film thicknesses
is satisfactory. Plotted also in this figure is the calculated
absorptance A. It is clearly seen that the observed in-
crease of the PA signal with decreasing film thickness re-
sults from a combination of two distinctive effects. One
is the increase of the absorptance with decrease of the film
thickness, and the other is the thermal effect described by
the factor F(t) in Eq. (1). The former, unexpected effect
stems from the decrease of R which exceeds the increase
of T with decreasing film thickness in the range of
present interest. The results in Fig. 7 show that the ab-
sorptance observed as the PA signal for the films with
different thicknesses may be compared quantitatively with
each other if they are corrected for the thermal factor
F(t).

To our knowledge, no theoretical study has been made
on photoabsorption in periodically corrugated thin metal
films due to plasma resonance. For a single-surface sys-
tem of an infinitely thick metal, the perturbation theory
of corrugation-induced photoabsorption has been adapted
to interpret the experimental results ' of the plasma res-
onance absorption of the single-surface mode. This
theory, treating the effect of periodic corrugations as a
first-order perturbation, predicts that the plasma reso-
nance absorption in an infinitely thick, corrugated metal
surface is proportional to h, the square of the corruga-
tion amplitude. Owing to the corrugation-induced radia-
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absorption in periodically corrugated, self-supporting thin silver
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films thicker than —90 nm occurs because surface
plasmons are excited only on the incidence side of the
films. The initial rise of the resonance intensity with in-
creasing film thickness indicates clearly the importance of
film thickness as a crucial parameter in the coupling effi-
ciency of an incident photon to coupled surface plasmons.

As seen in Fig. 2, the absorption intensities of the
m =+2 resonance near 22' are appreciably larger for the
films with thicknesses 26, 62, and 121 nm. This indicates
that the second harmonic component of the corrugation
profile function is larger in these films compared with the
other films. This would have affected the observed reso-
nance intensities for the m = + 1 resonance in these films.
It is to be noted, however, that even if the data from these
three films are omitted from the results in Fig. 9, the find-
ing made above on the thickness dependence of the reso-
nance intensity is not altered.

tive damping of the surface plasmon excited on such a
surface (the second-order process), there are experimental
indications that this theory breaks down even for very
shallow corrugations. However, without having any other
theoretical guide to the present problem of the coupled
two-surface modes, it is of interest to test this simple pre-
diction.

The absorption intensities of the m =+ 1 resonance ex-
hibited by each film near 44' in Fig. 2 were obtained by
measuring the sum of the areas under the resonance
curves for the k+ and k modes and then correcting for
the thermal factor F(t) according to their film thickness.
These integrated, total intensities obtained are plotted in
Fig. 8 as a function of h . It is seen that the resonance in-
tensities exhibit a linear dependence on h . However, this
dependence is only approximate, and significant devia-
tions fram a linear dependence are found in this plot. We
assumed that the deviations arose from a dependence of
the resonance intensity on film thickness. To test this hy-
pothesis, we plotted in Fig. 9 the resonance intensities di-
vided by h as a function of the film thickness. It is
found that these normalized resonance intensities increase
with increase of film thickness and begin to decrease after
reaching the maximum near 90 nm. This decrease for
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FIG. 9. Integrated, total intensities of the m =+1 resonance
absorption divided by h, the square of the corrugation ampli-
tude of the film.

IV. DISCUSSION AND SUMMARY

The thicknesses of the silver films used in the present
study were of the order of the decay length of the
plasmon field inside the film along the film normal. The
amplitudes of the periodic corrugations of these films,
necessary for the photon-plasmon coupling, were a signifi-
cant fraction of this decay length and the film thickness.
As was found above, characteristics of the coupled modes
and their excitations were hence strongly affected by both
of these film parameters. Under these circumstances, it
was an intriguing exercise to explore the interaction of
these modes with the periodic corrugations. However, the
corrugation amplitudes attained in the present study were
found too small ta yield a significant deviation of their
dispersion and damping properties from what they were
in a planar film. Observed instead were modifications of
these properties due to, possibly, microscopic imperfection
in the films which were difficult to control in the present
experiment.

In contrast to the case of the single-surface mode, little
has been studied theoretically on the properties of coupled
modes and their excitation by photons in periodically cor-
rugated metal films. Farias et al. have recently studied
the dispersion of these modes by the method of reduced
Rayleigh equations. Their treatment was made neglecting
retardation and, hence, is not applicable to the present ex-
perimental results obtained in the retarded region. More
recently, Agarwal has examined theoretically a multilay-
ered structure in which the coupled surface plasmons may
be excited by photons in a planar metal film through grat-
ing coupling. In contrast to the case of the present self-
supporting films, periodic corrugations were introduced
on a dielectric layer which coated a thin planar metal film
supported on a dielectric substrate, whose refractive index
was similar to that of the dielectric overlayer. He has
shown that with such a multilayered structure, efficient
coupling of external photons to coupled modes may be
achieved. This interesting system may be studied experi-
mentally with the present photoacoustic method as the
thermal effects of the dielectric overlayer and substrate on
the PA signal generation are well understood. ' '

The self-supporting thin metal films with periodic cor-
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rugations used in the present study may be applied to
many other studies of surface plasmon-related phenome-
na. For example, the k mode (the long-range mode) ex-
cited in such a film would be useful in exploring the mini-

gap region of plasmon dispersion because of its narrow-
resonance width. Such a film would also be useful for in-
vestigation of surface-plasmon-mediated enhancement of
nonlinear optical phenomena such as Raman scattering
and second harmonic generation. The electric field dis-
tributions associated with the two coupled modes in such
a film are quite different if the film is sufficiently thin.
This is illustrated in Fig. 10, where we depict the time-
averaged distribution of the electric field strengh, E, cal-
culated for 30-, 60-, and 100-nm-thick planar silver films.
In this figure, E just outside the films are normalized to a
constant value. It is seen that, in contrast to the case of
the 100-nm-thick film, the E, fields are quite different for
the k and k+ modes both inside and outside the 30-
nm-thick film. It would be of interest to investigate the
effects of this difference on surface-enhanced optical phe-
nomena involving excitation of these coupled modes.
Corrugated films may be fabricated in the form of mul-
tilayered structures such as metal-oxide-metal junction.
Such self-supporting structures have been used as light-
emitting tunnel junctions utilizing corrugation-assisted
conversion of surface plasmons to external photons.

In summary, using the photoacoustic method, we have
observed coupled surface plasmons in periodically corru-
gated thin silver films in the thickness range from 26 to
121 nm. The observed variation of their propagation and
damping constants with film thickness generally agrees
with predictions made for planar silver films. However,
significant discrepancies were found which were neither
simply explainable by the presence of periodic corruga-
tions in the films nor by the values of the optical con-
stants used in the analysis. The coupling efficiency of in-
cident photons to coupled surface plasmons evaluated for
a constant corrugation amplitude was found to be strongly

k MONDE /k MODE/

t = 50nm -r
I GOO nm

t = 60nm

t I OO nm

E.

FIG. 10. Time-averaged distributions of the electric field
strength E associated with the k and k+ modes of coupled
surface plasmons in planar silver films with three different
thicknesses t. The z axis is in the direction normal to the film
surface. Calculations are for the plasmon frequency corre-
sponding to the photon wavelength 633 nm in free space. Note
that the scale inside the film is expanded in this figure by a fac-
tor 33 over the region outside the film.

dependent on film thickness and reached a maximum near
90 nm.
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