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Photoacoustic determination of radiative quantum efficiency of surface plasmons in silver films
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Total light scattering from thin silver films in an attenuated-total-reflection geometry

was determined as a function of the angle of incidence of 1.96-eV photons by using a com-

bination of photoacoustic and optical measurements. From the results obtained at the

plasmon resonance angle, the quantum efficiency of light emission from surface plasmons

was determined as a function of film thickness and roughness. The thickness-dependent re-

sults, analyzed by the use of a Gaussian roughness spectrum, were found to be consistent

with the predictions of Kroger and Kretschmann's theory for light scattering from rough

thin films at all angles of incidence. From the values of the roughness parameters deter-

mined, the quantum efficiencies of light emission from the prism and the air sides of the

silver film were evaluated as functions of film thickness.

I. INTRODUCTION

Resonant excitation and relaxation of surface
plasmons in metals have continued to attract a great
deal of attention. Recently, we have reported' the
first experimental results of the direct observation
of nonradiative relaxation of surface plasmons in a
thin silver film. This observation was made by il-

luminating an attenuated-total-reflection ATR
photon-plasmon coupler attached to a sealed gas-
filled cell by a chopped monochromatic photon
beam. Absorption of p-polarized photons in the
thin silver film due to plasmon excitation produced
a periodic heat generation through nonradiative re-
laxation of the excited surface plasmons, and the
subsequent heat flow from the film to the gas
caused a periodic pressure variation in the cell,
which was detected by a microphone exposed to the
gas. Our photoacoustic method was thus capable
of probing directly nonradiative relaxations of sur-

face plasmons occurring in the thin silver film.
Nonradiative surface plasmons excited on a

planar metal surface by the ATR method in either
the Kretschmann (prism-film-air) or the Otto
(prism-air-metal) geometries have both radiative
and nonradiative decay channels. The plasmons
can decay by emitting photons into the prism
through which photons were incident to excite the
plasmons. This radiative decay of nonradiative sur-
face plasmons into the prism is just the reverse pro-
cess of plasmon excitation, and the decay rate is

known to depend strongly on the film thickness in

the Kretschmann geometry or on the thickness of
the air gap in the Otto geometry. In cases of very

thin films or air gaps, this radiative relaxation is
indeed the predominant factor which determines the
halfwidth of the spectral shape of the plasmon reso-

nance. However, in order to conserve momentum

upon decay into photons, photons from this mode
of decay are emitted only in the direction of the
specular reflection of the incident light and are thus

superimposed on the reflected light.
The presence of roughness on the metal surface

opens two additional channels of radiative decay,
which result in light emission in directions other
than specular. One is for plasmons scattered with

momentum unchanged, and the other is for
plasmons whose momentum values are decreased
upon scattering by the surface roughness. The
former plasmons can decay into the prism as pho-
tons by the same mechanism as plasmons on a
planar surface and are known to form a hollow
cone of scattered light with a half-angle equal to the
plasmon resonance angle. The latter plasmons may
decay radiatively into the prism and also from the
air side of the metal film in the Kretschmann
geometry if the momenta of the scattered plasmons
are smaller than that of the photons in air. Because
of the relative ease of experimental observation, this
latter radiative process from the air side of the film
has been studied extensively and has been used to
obtain information on the properties of rough sur-
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faces. The remaining plasmons, scattered or un-

scattered, are absorbed internally in the metal itself.
This creates single-electron excited states in the
metal which relax nonradiatively and eventually de-

grade into quanta of lattice energy which can be
detected photoacoustically.

The photoacoustic technique when used as a
probe of nonradiative relaxation of excited states in
matter provides a new way of obtaining information
which is difficult to study by conventional experi-
mental methods. In the previous paper, ' we have
demonstrated that the photoacoustic signal generat-
ed from an ATR system in the Kretschmann
geometry gives direct information concerning the
quantum efficiency of light emission from surface
plasmons. As was described above, the photoacous-
tic signal probes surface plasmons which undergo
nonradiative relaxation, while the total number of
surface plasmons which are excited in a thin metal
film is known from the total photon energy ab-
sorbed. Therefore, the relative number of surface
plasmons which decay radiatively by emitting pho-
tons may be determined from the difference of the
photoacoustic signal from the optical absorptance,
if the former is properly normalized to the latter us-
ing the response constant of the photoacoustic cell.
We were thus able' to separate the radiatively and
nonradiatively decaying surface plasmons and to
determine the radiative quantum efficiency of sur-
face plasmons, defined by the number of photons
emitted divided by the number of plasmons excited.
In one particular sample, the radiative quantum ef-
ficiency was found to be roughly 0.3 for a 34-nm-
thick silver film.

In this paper, we have applied the same pho-
toacoustic technique to a series of thin silver films
of variable thickness and roughness and determined
the total light scattering from these films as a func-
tion of the angle of photon incidence. From the re-
sults obtained at the plasmon resonance angle, we
determined the quantum efficiency for roughness-
aided light emission from surface plasmons as a
function of film thickness and roughness. These ex-
perimental results were analyzed by using Kroger
and Kretschmann's first-order light-scattering
theory for a rough thin film.

Recently, Moreland et al. ' have determined the
quantum efficiency of light emission from the air
side of silver films by direct measurement of the
emitted light intensity. For films of thicknesses be-
tween 20 and 70 nm they found the efficiencies for
1.96-eV photons to be 0.05+0.02 with no strong
dependence on the film thickness. On the other

hand, a similar measurement by Simon and Guha
some years ago on the prism side of a 55-nm-thick
silver film gave an efficiency of &0.001. Both re-
sults should depend strongly on film roughness and
the latter also on film thickness. The present pho-
toacoustic experiments give systematic results of the
sum of these quantum efficiencies as functions of
film thickness and roughness.

II. EXPERIMENT

The ATR photon-plasmon coupler equipped with
a photoacoustic cell was essentially the same as that
used in the previous study. ' In the present study
we have used six identical air-filled photoacoustic
cells, three to a cell frame. This allowed us to study
three different silver samples made in the same eva-
poration. The films of silver were evaporated at
5&&10 Torr onto the hypotenuse surface of a
strain-free 45' glass prism, and the thickness and
deposition rate (- I nm/sec) were monitored by a
quartz-crystal oscillator. Rough silver films were
made by evaporating silver onto a CaF2 underlayer
which had been evaporated on a glass prism under
similar evaporation conditions.

A cell frame with three photoacoustic cells was
set on the prism in a manner described previous-
ly. ' The area of each cell which covered the film
sample was 2)&10 nm, and the thickness of the
air-filled cavity formed above the film was 1 mm.
This thickness was sufficiently larger than the ther-
mal diffusion length of air at the chopping frequen-
cy of the incident light used in the present study
that the ordinary one-dimensional theories"' for
photoacoustic signal generation from solids were
applicable to the data taken with these cells. Prior
to placement on the prism coupler, all the cells were
checked for a linear photoacoustic response to the
incident power. Checks were also made on the cells
to ensure that the signal was independent of the po-
sition where the incident light hit the film sample
due to changing the angle of incidence.

The prism coupler attached to the photoacoustic
cells was placed on a rotatable platform and il-
luminated by a chopped parallel beam of p-
polarized 1.96-eV photons from a 1-m% He-Ne
laser. The photoacoustic signal was measured at a
chopping frequency of 300 Hz as a function of the
angle of incidence. The signal measured at each an-
gle of incidence was corrected for small fluctuations
of the incident-light intensity and for the reflection
loss of the incident-light intensity at the prism-
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entrance surface. The results were then corrected
for the signal generation by the light which was re-
flected back from the prism-exit surface. Finally,
they were normalized, for comparison purposes, for
the small differences in the response constants of
the photoacoustic cells used. The relative values of
the response constants for the cells were determined

by measuring the photoacoustic signals from the
same silver film. The experimental data presented
in the next section are these corrected and normal-
ized results.

Simultaneously with the photoacoustic measure-
ments described above, the photon intensities both
reflected from and transmitted through the prism
coupler were measured at each angle of incidence,
together with the incident-light intensity, by using a
photoacoustic photon detector, the details of which
were described previously. ' After being corrected
for the reflection losses at the prism and the cell-
window surfaces, these data were used to determine
the reflectance R and the transmittance T for the
two-boundary system of glass-silver-air, from which
the absorptance A in the silver film was determined
as a function of the angle of incidence. The pho-
toacoustic photon detector used in the present ex-
periment was about 10 times more sensitive than
that used in the previous experiment. The stability
of the He-Ne laser used as a light source was also
improved during the course of the experiment. The
experimental accuracies of both the absorptance and
photoacoustic data as compared with our previous
experiments' were thus improved significantly.

III. EXPERIMENTAL RESULTS
AND ANALYSES

A. Silver films of variable thickness

An example of a set of our experimental results
of R, T, and the photoacoustic signal taken with a
24-nm-thick silver film is presented in Fig. 1 as a
function of the angle of incidence P. Typical exper-
imental uncertainties are indicated in the figure. T
at angles just below the critical angle (41.30') for to-
tal reflection at the prism-air interface was not mea-
sured because the cell frame interfered with the
transmitted photon beam, while at angles above the
critical angle no light was transmitted. R exhibits
the well-known dip due to plasmon excitation just
above the critical angle, indicating that in this case
about 70% of the incident photons were converted
into surface plasmons. Corresponding to this struc-
ture in R, a strong enhancement of the photoacous-
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FIG. 1. (a) Reflectance R and transmittance T and (b)

photoacoustic signal for a 24-nm-thick silver film ob-
tained with p-polarized 1.96-eV photons as a function of
the angle of incidence P.

tic signal, which demonstrates nonradiative degra-
dation of the excited plasmons into heat, is seen to
occur at the same angle of photon incidence.

In the previous study, we showed by using the
theory" for the generation of photoacoustic signals
from solids that if the excited states created in the
silver film relax only through nonradiative process-

es, our ATR photoacoustic system gives a signal
amplitude which is proportional to the total photon
energy absorbed, or to the absorptance, at any angle
of incidence. This was predicted from the thermal

properties and the densities of glass, silver, and air
(the component materials of our photoacoustic sys-

tem), and the optical properties of the silver films
and their thickness range, by using the fact that the
relaxations of excited states in silver, including sur-

face plasmons, may be considered to be instantane-

ous at the chopping frequency and photon energy

employed. Any difference between the photoacous-
tic and absorptance data as a function of the angle
of incidence may therefore be considered to be due

to radiative decay processes occurring in the silver

film.
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Keeping this in mind, we present in Fig. 2 the re-
sults of the absorptances A (=1—R T—) for three
films of different thicknesses made in the same eva-

poration and compare them with their respective
photoacoustic signals as a function of the angle of
incidence. The resemblance between these two sets
of data for each film is evident in the figure. As
the film thickness increases, the halfwidth of the

plasmon structure in A decreases, and the angle at
which the plasmon peak occurs becomes smaller.
The same behavior is seen in the plasmon structure
in the photoacoustic data. The relative peak height
as a function of the film thickness is also similar in
both data. Such an overall agreement between the
photoacoustic and the absorptance data indicates
that the decay processes occurring in our silver
films are primarily nonradiative. However, a care-
ful quantitative comparison shows evidence for a
systematic contribution due to radiative processes.

A quantitative comparison was made by normal-
izing the photoacoustic data to the absorptance data
in the range of angles below the critical angle. For
these angles of incidence it is not possible to excite
surface plasmons on a planar silver film, and the

excited states created by 1.96-eV photons are
single-electron intraband excited states of the Drude

type which relax through nonradiative processes.
Since this photon energy is considerably smaller
than the work function of silver, ' the possibility of
photoelectron emission from the excited states may
also be ignored. Thus, below the critical angle, no

part of the absorbed energy can escape from the
film as reradiated photons or photoelectrons, and

all the absorbed energy should be dissipated in the
film. The normalization constants, defined by the
absorptance divided by the photoacoustic signal am-

plitude, were calculated for films of various
thicknesses from the experimental data below the
critical angle, and the results are plotted in Fig. 3 as
a function of film thickness d. The values calculat-
ed at different angles of incidence agreed well with
each other within the experimental uncertainty indi-

cated by the error bars in the figure. The normali-
zation constant should be independent of the film
thickness, but it was found to decrease slightly with

increasing film thickness, tending to a constant
value at large thicknesses. %e attributed this to the
contribution from light scattering from the silver
film which becomes appreciably larger as the film
becomes thinner. The value of the normalization
constant due to actual light absorption in the silver
films was chosen to be 0.142 pV ' (the asymptotic
value at large thicknesses indicated by a dashed line
in the figure), and deviations of the normalization
constant from this value were attributed to light
scattering from the silver films. The light scatter-
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FIG. 2. (a) Absorptances A and (b) photoacoustic sig-
nal amplitudes for silver films of different thicknesses d
obtained with p-polarized 1.96«eV photons as a function
of the angle of incidence P.
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FIG. 3. Normalization constant as a function of film
thickness d.
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FIG. 4. Observed absorptance A and evaluated contri-
bution A„ from light scattering at the angle of incidence

P =30' as a function of film thickness d. Solid line
represents the result for A„calculated from Kroger and
Kretschmann's theory.

ing, A„, relative to the incident intensity was thus
evaluated at P =30' from the observed absorptance
values A at each film thickness. The validity of this
interpretation was then checked by comparing these
estimated values of A„with theoretical values cal-
culated from Kroger and Kretschmann's theory
for light scattering from rough thin films. Such a
comparison is made in Fig. 4, in which it is seen

that the estimated values of A„exhibit reasonable
agreement with the theoretical values which were
calculated by using the values of the roughness
parameters determined from the experimental re-
sults of the radiative quantum efficiency and the
light scattering presented below. We will give de-
tails of the theoretical calculation of A„and return
to the results in Fig. 4 in the next section.

The photoacoustic data for a 24-nm-thick film in

Fig. 1 was normalized to the absorptance by using
the normalization constant thus determined, and
the result is presented in Fig. 5 as a function of the
angle of incidence, together with the absorptance
data. As is expected, the normalized signal S~, is
smaller than the observed absorptance A at all an-

gles of incidence. From the arguments already
given above, the difference (A —Sz, ) at each angle
of incidence may be considered to be due to radia-
tive processes and represents the fraction of the in-

cident intensity which was reradiated from the
silver film. In other words, the difference (A —S~,)

represents the total light-scattering intensity divided

by the incident intensity. On the other hand, S~,

0.8-
Ag FILM

O
CL

140

0.6-

Cl
04-

0.2-

30
I

40 50 60

FIG. 5. Comparison between absorptance A and nor-
malized photoacoustic signal S~, as a function of the an-

gle of incidence P.

represents the fraction of the incident intensity
which was dissipated in the film and generated the
photoacoustic signal. The photons absorbed at each
angle of incidence were thus divided into two
groups —reradiated and dissipated —and the radia-
tive and nonradiative quantum efficiencies are given
by A —S~,/A and S~, /A, respectively.

The total light scattering (A —S~,) from a 24-
nm-thick film determined in Fig. 5 as a function of
the angle of incidence exhibits a plasmon resonance
structure, corresponding to emission of the well-

known plasmon radiation. The values of A —S~,
obtained for three films of different thicknesses
made in the same evaporation is presented in Fig. 6.
It is seen that the scattering intensity at the angles
outside the resonance region decreases rapidly with
increasing film thickness, while the intensity at the
resonance angle varies only slightly with film thick-
ness. The sharp profile of the resonance structure
obtained for the S1-nm-thick film is similar to ones
observed by direct measurement of the scattered-
light intensity from the air side of the films by a
number of authors' for relatively thick silver films,
and the broad profile obtained for the 24-nm-thick
film resembles one observed recently by Hayashi
et al. ' for a silver film of comparable thickness.

From the results of the total light scattering in

Fig. 6, the radiative quantum efficiencies A —S~, /A

at the plasmon resonance angle P„were calculated,
and the results are plotted in Fig. 7, together with
the results for films of other thicknesses, as a func-
tion of the film thickness. It is seen that the quan-
tum efficiency decreases as the film thickness in-
creases and becomes nearly constant for film
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thicknesses )40 nm. We will find in the next sec-
tion that this behavior of the quantum efficiency is,
in general, consistent with the prediction of Kroger
and Kretschmann's theory, which is plotted in Fig.
7 by a solid line.

As was mentioned in the first section ot' this pa-
per, the radiative quantum efficiency determined
here is from the plasmons which were scattered by
the surface roughness. It is expected, therefore, that
quantitative information concerning the roughness
in our silver films may be extracted from the exper-
irnental results. Before trying to do this, we present

FIG. 6. Total scattering (A —S~, ) from silver films of
different thickness d as a function of the angle of in-

cidence P.

another set of experimental results obtained with

silver films of variable surface roughness, which
will further confirm the validity of the procedure
used iri data analysis.

B. Silver films of variable roughness
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In Fig. 8 we present the experimental results of
the absorptance and the photoacoustic signal ob-

tained for three 45-nm-thick silver films of dif-
ferent roughnesses as a function of the angle of in-

cidence P. These differently roughened and equally
thick silver films were made in the same evapora-
tion onto CaFz underlayers of different thicknesses
which were evaporated onto a glass prism. It is
seen that with increase of the underlayer thickness
or the surface roughness, the plasmon resonance
peak of the absorptance curve shifts to larger angles
of incidence and the halfwidth becomes wider, indi-

cating, respectively, that the plasmons become slow
in propagation and rapid in decay due to interaction
with the increasing roughness. ' The absorptance
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FIG. 7. Quantum efficiency for light emission at the
plasmon resonance angle P„as a function of film thick-
ness d. Solid line represents the results calculated from
the theory of Kroger and Kretschmann. Dashed lines
represent theoretical contributions from light emission
into the air and prism sides of film.
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FIG. 8. (a) Absorptances A and (b) photoacoustic sig-
nal for three 45-nm-thick silver films roughened by CaFz
underlayers of different thicknesses dc,p as a function of
the angle of incidence P.
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thick silver films roughened by CaFq underlayers of dif-
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cidence P.

value increases only slightly at the plasmon peak,
while it increases considerably at angles outside the
resonance region as the underlayer thickness varies
from 52 to 78 nm. These systematic changes of the
absorptance values as a function of the underlayer
thickness are similar to the behavior of the pho-
toacoustic signal, except for differences in the
plasmon peak heights. Contrary to the absorptance
data, the peak height of the photoacoustic data de-

creases as the thickness of underlayer increases.
This clearly demonstrates a contribution to the radi-
ative decay which increases with increasing surface
roughness.

The total light scattering (A —S~,) of the
roughened silver films obtained in the same manner
as illustrated in Fig. 5 are presented in Fig. 9 as a
function of the angle of incidence. The resultant ra-
diative quantum efficiencies at the plasmon reso-
nance angle P„are plotted in Fig. 10 as a function
of the CaF2 underlayer thickness. It is seen that the
light scattering in the resonance region and the
quantum efficiency both increase with increasing
underlayer thickness. This shows that the absolute
and the relative numbers of plasmons which enter
the radiative decay channels both increase with in-

creasing surface roughness. We do not know of any
previous experimental data which can be compared
directly with these experimental results. However,
these results are consistent with the existing
knowledge' concerning the behavior of surface
plasmons on rough metal surfaces.
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FIG. 10. Quantum efficiency for light emission at the

plasmon resonance angle P„ for 45-nm-thick silver films

roughened by CaF2 underlayer as a function of the un-

derlayer thickness dc» .

In the present interpretation of the experimental

data, we have ignored the effects of surface rough-

ness and the CaF2 underlayer on the observed pho-

toacoustic signal generation. The root-mean-square

roughnesses of our silver films are, however, of the

order of 1 nm; and at the present chopping frequen-

cy, they are smaller than the typical thermal dif-

fusion length in our photoacoustic system by a fac-

tor of 10. Also, the thermal properties and the

density of CaF2 do not differ much from those of
the glass prism on which the CaFq was evaporated.
Therefore, neither the surface roughness nor the un-

derlayer are likely to cause any significant effects
which make it necessary to change the present inter-

pretation.
Of interest in the quantum efficiencies presented

in Fig. 10 is that the value extrapolated to the limit

of zero underlayer thickness, -0.15, is very close to
the value that would be expected for a 45-nm-thick

film from the experimental results of the thickness-

dependent quantum efficiency presented in Fig. 7.
This result, demonstrating the consistency between

two sets of data presented here implies that the

CaF2 underlayer produces surface roughness such

that it adds its own roughness to that which already

exists on the glass prism and the film itself. Such a
superposition of different surface roughnesses is

possible if the difference between the correlation

lengths associated with each component roughness

is so large that they do not interfere with each oth-

er. Now let us return to the thickriess-dependent re-

sults presented in the preceding subsection and

compare them with theoretical predictions.
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IV. COMPARISON WITH THEORY

The total light scattering from thin silver films of
different thicknesses was calculated by using
Kroger and Kretschmann's theory for light scatter-
ing from rough thin films. Their model, consisting
of a smooth surface and surface-current sources,
was proved to be theoretically equivalent to the
first-order perturbation theory' which calculates
the scattering at the rough surface from the exact
boundary conditions and makes a perturbative
treatment for the roughness. The theoretical ex-

pression given by this model is the light-scattering
cross section' which can be immediately used to
calculate the scattered intensity from a rough thin
film for light at any incidence angle as a function of
the polarization of the scattered light and the
scattering angle on the back side of the film.
Hence, it is suitable for the calculation of total
scattering into the air side of our silver film as a
function of the angle of incidence. For light
scattering back into the incident side of the film,
Simon and Guha have modified the Kroger-
Kretschmann expression by assuming that, for p-
polarized light incident at the plasmon resonance
angle, scattered light also has p polarization because
it arises primarily from directionally scattered
plasmons. They found that their modification gave
results which were fairly consistent with the ob-
served scattering cross sections. We have used their
expression at all angles of incidence to calculate the
total scattering into the prism side of our silver
film.

The main purpose of the present calculation is to
see how the present experimental results of the total
light scattering obtained as a function of film thick-
ness and the resultant quantum efficiencies are con-
sistent with the predictions of the Kroger-
Kretschmann theory and to extract quantitative in-
formation concerning the roughness in our silver
films. For these purposes, we assumed that the
roughness is Gaussian-correlated and the roughness
spectrum S(k) is given by '

~

S(k)
~

=(I/4m )o 5 exp( —o k /4),

using the root-mean-square roughness 5 and the
correlation length 0, where Ak is the transfer
momentum. For p-polarized light, the scattering
cross section into each scattering angle into the air
side of the film was calculated from the Kroger-
Kretschmann expression by using the literature
values' of the optical constants for silver at 1.96 eV
and integrated over all polarization azimuths and

then integrated over the entire hemisphere. The in-
tegrated scattering intensity into the prism side of
the film was also calculated similarly from the
modified Kroger-Kretschmann expression, and the
total scattering intensity obtained by summing up
these scattering intensities was calculated as a func-
tion of the angle of incidence and the film thick-
ness.

Values of the roughness parameters 5 and cr were
found which gave the best simultaneous fit of the
calculated results of the scattering intensities at

P =30' and 60' and the quantum efficiencies at the
plasmon resonance angle to the respective experi-
mental data obtained as a function of the angle of
incidence. At the plasmon resonance angle, it was
found that the calculated value of the scattering in-
tensity from a silver film of a given thickness is
very sensitive to the values of the optical constant
of silver used, whereas the quantum efficiency ob-
tained by dividing the scattering intensity by the
calculated absorptance is not. We, therefore, used
the quantum efficiency, rather than the scattering
intensity, for comparison with experimental data at
the resonance angle. In this calculation of the
quantum efficiency, however, the calculated values
of the absorptance for relatively thin films were
found to be consistently smaller than the observed
values, and the difference increased as the film
thickness decreased. We have tried several different
literature values of the optical constants of silver,
but this trend was found to be the same. We inter-
preted this to be due to significant light scattering
into the glass prism from the thin films used in the
experiments. As was shown by Simon and Guha,
light scattering back into the prism is mainly from
plasmons scattered directionally by roughness
which should otherwise decay into photons in the
direction of the specular reflection. Hence, an in-
crease of this light scattering in thin films makes
the observed absorptance larger than the value cal-
culated for a smooth film. A correction for this
contribution was made on the calculated absorp-
tance values for films of all thicknesses by using the
calculated values of the scattering intensity into the
prism.

The best simultaneous fit of the calculated results
of three different data to the respective experimen-
tal results was found to be obtained for 5 =3.3+0.2
nm and o.=200+20 nm. This set of values yielded
a fairly sharp minimum in the least-squares analysis
of the calculated and experimental data as a func-
tion of film thickness. The scattering intensities
A —S~, at P =60' calculated with these roughness
parameters are plotted in Fig. 11 and compared
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V. DISCUSSION AND SUMMARY
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FIG. 11. Total scattering (A —S~, j at the angle of in-

cidence /=60' as a function of film thickness d. Solid
line represents the results from Kroger and
Kretschmann's theory.

with the experimental results. The scattering inten-
sities at P =30' and the quantum efficiencies at the
resonance angle P„calculated with the same rough-
ness parameters have been presented in Figs. 4 and

7, respectively. The calculated results in each of
these figures as a function of film thickness exhibit

good quantitative agreement with the experimental
data. The present experimental results of the light
scattering as a function of the angle of photon in-

cidence were thus found to be consistent with the
predictions of the Kroger-Kretschmann theory for
all film thicknesses studied.

The value of the root-mean-square roughness 5
determined above appears to be considerably larger
than most of the previous values ' ' for "smooth"
silver films on glass or quartz substrates obtained

by other experimental techniques. %e believe that
this was due to the surface quality of our prism sub-

strate. Indeed, we observed for films deposited on a
different glass prism the total light scattering
A —S~„which was consistently smaller than those
presented in Fig. 6. This indicated that the prism
surface used in this study did not have the best pos-
sible surface quality and was not as smooth as in

the previous studies.
Using the values of 5 and o determined above, we

evaluated the quantum efficiencies for light emis-

sion from surface plasmons into the air and the
prism sides separately and plotted them in Fig. 7 by
dashed lines. The calculated efficiency into the air
side is nearly constant for film thickness &40 nm,
while the prism-side efficiency continues to decrease
with film thickness and becomes considerably
smaller than into the air side. This appears to be
the reason for the difference between the previous

By using a combination of photoacoustic and op-
tical measurements, we were able to determine the
quantum efficiencies for light emission from sur-

face plasmons excited in silver films of variable

thickness and roughness. Surface plasmons which

propagate along metal surfaces as polarization
waves are believed to interact with the roughness

quite efficiently and provide information which is
difficult to obtain by other experimental probes.
Hence, many attempts have been made to obtain
quantitative information concerning roughness on

metal surfaces by observing light emission from
surface plasmons. ' For relatively rough metal
surfaces, diffuse light scattering has been uti-
lized' ' also to study surface roughness. In either

experiment, measurements are usually made on the
angular distribution of scattered light, from which

values of the roughness parameters are extracted by
assuming a particular form of the roughness spec-
trum. In contrast to this, the present method mea-

sures the total light scattering integrated over all

scattering angles. It is usually considered that total
light scattering cannot provide enough information
to give unique values of the roughness parameters.
Indeed, we have found that, for the experimental re-

sults of the quantum efficiencies presented in Fig. 7
alone, for example, there is a wide range of rough-
ness parameters which yield comparable best fits of
the calculated data to the experimental data as a
function of film thickness. The analysis made in

the preceding section showed, however, that unique
values of the roughness parameters can be obtained
if total scattering is measured as a function of angle
of incidence.

The present study also demonstrated that light
scattering for incidence angles not only at the
plasmon resonance angle but also at other angles

(P =30', for instance) is described by a single
theoretical expression, given by Kroger and
Kretschmann, by using a single set of values of the
roughness parameters. This implies that light emis-
sion from surface plasmons and the usual diffuse
light scattering from a rough surface yield con-
sistent results on surface roughness. This has been

expected but has not been proved experimentally.
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In conclusion, we have determined experimental-

ly the total light scattering from thin silver films in
an ATR geometry as a function of the angle of pho-
ton incidence by using the technique of combined
photoacoustic and optical measurements. The
quantum efficiencies for roughness-aided total light
emission from surface plasmons were determined as
a function of film thickness and roughness.
Analysis of the results using a Gaussian roughness
spectrum indicated consistency with the predictions
of Kroger and Kretschmann's theory and gave a
uniquely determined set of roughness parameters.
The present study demonstrates the capability of

our photoacoustic technique as a tool for quantita-
tive study of the relaxation process and its useful-

ness in surface study.
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