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Photoacoustic study of plasmon resonance absorption in a diffraction grating
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Plasmon resonance absorption in a 520-line/mm silver-coated diffraction grating was measured as
a function of the angle of ruling orientation relative to the plane of photon incidence by a pho-
toacoustic method. The experimental results of absorptance changes as a function of ruling orienta-
tion were found to be consistent with predictions from the first-order perturbation theory for
roughness-induced photoabsorption. A discrepancy was found, however, between the absorptance
values observed and the values calculated from the first-order theory.

I. INTRODUCTION

In recent years photoacoustic measurements have been
used to study photoabsorptions in thin metal films and
metal surfaces. This relatively new experimental tech-
nique' probes absorption of photons by detecting heat pro-
duction resulting from nonradiative dissipation of excited
states created by incident photons. In this respect, the
technique may be considered to be analogous to
calorimetry? which has long been used in the field of opti-
cal spectroscopy of metals. We have recently em-
ployed’~> the photoacoustic technique to observe nonradi-
ative relaxation of surface plasmons in thin silver films
and determined the probability of roughness-aided radia-
tive relaxation. In these studies surface plasmons have
been excited in thin silver films by the method of attenuat-
ed total reflection (ATR). It is well known® that direct op-
tical excitation of nonradiative surface plasmons is also
possible by the use of diffraction grating coupling. Sur-
face plasmon excitation aided by topological structure has
attracted’ ~'° a great deal of attention for many years, and,
in recent years, its importance in a range of surface phe-
nomena such as surface enhancement of Raman scattering
has been emphasized in many studies.'® The present paper
deals with experimental results and interpretation of
plasmon resonance absorption in a metal-coated diffrac-
tion grating measured by the photoacoustic technique.

Measurements were made of the plasmon resonance ab-
sorption as a function of ruling orientation of a diffraction
grating with respect to the plane of photon incidence. To
our knowledge, no studies of these absorptions have been
made previously. Earlier, Teng and Stern’ observed shifts
of plasmon resonance angles when rotating a diffraction
grating around the grating normal. The lack of measure-
ments of absorption is due to difficulties associated with
conventional optical techniques.

In order to couple incident photons to surface plasmons
on the surface of a diffraction grating, it is necessary for
the reciprocal grating vector or its multiples to be added
to or subtracted from the component of the wave vector of
the incident photon parallel to the grating surface. The
excited surface plasmons may then decay, in general, into
photons by losing or gaining the grating vector or its mul-
tiples upon scattering by the grating structure during
propagation along the grating surface. The probabilities
of these photon-to-plasmon and plasmon-to-photon con-
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versions depend strongly on the groove profile of the dif-
fraction grating. These phenomena are manifested as
peaks and dips in diffraction efficiency curves measured
2s a function of angle of incidence (or wavelength), corre-
sponding to excitation and radiative deexcitation of sur-
face plasmons, respectively, or their combination and have
long been known as Wood’s anomalies.'” To determine
plasmon resonance absorption quantitatively, it is neces-
sary to measure intensities R,, of each diffracted order m
relative to the incident intensity as a function of angle of
incidence and sum them to deduce the absorption
A=1-2_R,. Such studies have been made previously
by Hutley and Bird!' and by Rothballer,' the latter find-
ing that there is an optimal groove depth for which reso-
nance absorption occurs most efficiently. These studies are
limited, however, to the case of ruling orientation perpen-
dicular to the plane of photon incident, for which only p-
polarized photons may be converted into surface
plasmons. If the ruling is not perpendicular to the plane
of incidence, both p- and s-polarized photons are convert-
ed into surface plasmons. Photons are now diffracted into
directions out of the plane of incidence, and the measure-
ment of intensities of each diffracted order as a function
of angle of incidence becomes quite difficult. In such a
case, the present photoacoustic technique, which measures
absorption directly by probing the subsequent heat genera-
tion, has an obvious advantage over the conventional opti-
cal method used by the previous authors.

An observation which is closely related with the present
photoacoustic studies has been reported previously by
Hutley and Maystre,'* who observed a significant tem-
perature rise of a metal-coated holographic grating when
the angle of incidence of a laser beam approached the
plasmon resonance angle.

II. EXPERIMENT

The diffraction grating used in the present study was a
520-line/mm plastic replica grating coated with a
vacuum-evaporated silver film. The groove depth relative
to the mean surface was evaluated to be 16+1 nm from
measurement of the first-order diffraction intensity for
normal incidence by the method described by Pockrand
and Raether.!® The groove profile examined by scanning-
electron-microscope (SEM) observation appeared to be
nearly symmetric trapezoidal. However, it was difficult to
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determine exact groove parameters.

The basic design of our photoacoustic cell was the same
as one described earlier.>* The cell frame, equipped with
a tiny condenser microphone and a glass window, was at-
tached to the diffraction grating surface and sealed with
vacuum grease. A 633-nm photon beam from a 1-mW
He-Ne laser incident through the glass window was used
to excite plasmons in the diffraction grating. The jncident
beam was chopped at 300 Hz by a mechanical light
chopper, and the photoacoustic signal was detected by an
ultrasensitive lock-in amplifier (NF Circuit Block, Model
L1-574).>*

Interpretation of the experimental results of the pho-
toacoustic (PA) signal was straightforward. The pho-
toacoustic property of the silver film which coated the
grating surface was characterized"!® by the thermal dif-
fusion length pg, optical absorption length g, and film
thickness /. For a chopping frequency of 300 Hz,
ps;=4.27X10° nm, and p was evaluated to range from
11.5 to 11.7 nm for different angles of photon incidence
by using the literature value®® of the optical constants of
silver. The silver film was vacuum evaporated to a thick-
ness /~3.00x 107 nm, and hence it was a thermally thin
and optically thick sample, satisfying p; >>1>>u. By us-
ing the Rosencwaig and Gersho theory"!® for PA signal
generation from solids, one may calculate that the PA sig-
nal from such a sample is saturated'*?! and hence is pro-
portional to the optical absorptance A =1—R, where R is
the reflectance. This has been verified experimentally.?

In order to determine the absorptance from the PA sig-
nal, it was necessary to know the response constant of our
photoacoustic cell. For this purpose, simultaneous mea-
surements>~° of the PA signal and the reflectance were
made with smooth silver films. Since the PA signal from
a thermally thin sample depends"'® on the thermal prop-
erties of the substrate, the response constant had to be
determined with a film on the same substrate as of the
film on the diffraction grating studied. Photoacoustic
measurements were, therefore, performed on the silver
film deposited on the unruled portion of the replica grat-
ing. Since this silver film exhibited an appreciable amount
of diffuse light scattering, reflectance measurements were
made separately of a smooth silver film on a glass slide.
The proportionality between the PA signal and absorp-
tance determined for these smooth silver films was found
to be good over the range of angles of incidence. This
response constant was used to derive absorptance values of
the diffraction grating from the PA signal.

III. RESULTS AND ANALYSIS

Photoacoustic signals from the diffraction grating are
presented in Fig. 1 as a function of incidence angle for p-
and s-polarized incident light. The various curves are for
different azimuth angles 8 of ruling orientation relative to
the plane of incidence. The right ordinates of the figures
give absorptances determined from the response constant
obtained in the manner described above. For 0=90°, the
absorptance curve for p-polarized light exhibits sharp
peaks due to excitation of surface plasmons at three
discrete angles of photon incidence, whereas no structure
is found in the absorptance curve for s-polarized light. As
was mentioned above, some of the surface plasmons excit-
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FIG. 1. Plasmon resonance absorption in a silver-coated dif-
fraction grating for p- and s-polarized photons as a function of
incident angles for various azimuth angles 6 of ruling orienta-
tion relative to the plane of incidence. d is the grating constant,
h is the groove depth measured from the mean surface, and A is
the photon wavelength.

ed in the diffraction grating may decay into photons in a
certain direction for each diffracted order, and the remain-
ing plasmons are absorbed internally in the metal coating.
The photoacoustic data presented in Fig. 1 are a direct
measurement of this internal dissipation of surface
plasmons and represent the actual absorption of incident
photon energy. The inability of s-polarized photons to ex-
cite surface plasmons in the case of §=90° is understood
as due to absence of an electric field parallel to the grating
vector. For 90°> 0> 0°, structures due to plasmon excita-
tion appear in both absorptance curves for p- and s-
polarized light. It is seen in Fig. 1 that, as 6 is varied
from 90° to 0°, the plasmon resonance angles shift sys-
tematically to higher incidence angles. Simultaneously the
absorptance of the three plasmon peaks varies drastically
with no significant change in the absorptance in the re-
gions away from the resonance angles. For 6=0°, the
plasmon peaks disappear from the absorptance curve for
p-polarized light, whereas they remain in the curve for s-
polarized light. In what follows, we compare these experi-
mental results with predictions from relevant theories.

The plasmon resonance condition in a diffraction grat-
ing is given by

kp=k'+ng,

where Esp is the wave vector of surface plasmon, k' is the
projection of wave vector of incident photon on the grat-
ing surface, g is the reclprocal grating vector, and
n=+1,+2,+3,.... For example, ksp, composed of k' and
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FIG. 2. Surface plasmon wave vector, fsp, in a diffraction
grating composed of the component of the incident photon wave
vector parallel to the grating surface, whose absolute value is
equal to fsinqﬁ, and the grating vector g or its multiples, where
k is the wave number of the incident photon and ¢ is the angle
of incidence.

g in the momentum plane parallel to the grating surface,
is presented graphically in Fig. 2 for the case of the
present diffraction grating at §=40°. | k’| is represented
in the figure by k sing, where k is the incident photon
wave number and ¢ is the angle of incidence. The radii of
the solid and dashed circles are equal to | ESPI and K,
respectively, and hence the inside of the dashed circle cor-
responds to the radiative region. | Espl may be given by
| Espl =k[e/(e+1)]"/% if the effects of grating structure
on the dispersion relation of surface plasmon are ignored,
where € is the dielectric function of the silver coating. In
the case of 6=40" given in Fig. 2, there are four resonance
angles corresponding to n=+1, +2, +3, and —4.
Plasmons excited at each resonance angle have the propa-
gation vectors Esp in different directions. For the special
case of 6=0", two surface plasmons with n=+i whose
propagation vectors are symmetric with respect to the
plane of incidence are excited simultaneously at each reso-
nance angle.
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PLASMON RESONANCE ANGLE
FIG. 3. Calculated plasmon resonance angles as a function of
the azimuth angle 8 of ruling orientation relative to the plane of
incidence. Open circles represent the resonance angles observed
in the experimental results in Fig. 1.
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The resonance angles calculated from the resonance
condition given above are presented in Fig. 3 as a function
of the ruling orientation 6 and are compared with the ex-
perimental observations presented in Fig. 1. The experi-
mental resonance angles are seen to agree well with the
calculated ones for n=+1, +2, or +3. The plasmon
peaks in Fig. 1 may therefore be assigned to n=+1, +2,
and +3,in order from higher to lower resonance angle.
Some of the resonance angles observed are found to devi-
ate slightly from the calculated ones, indicating a change
of the surface plasmon wave number in the diffraction
grating from that in the smooth surface.”> We will discuss
this further below.

Next, we examine the results of the absorptance values
at the resonance angles presented in Fig. 1. Theoretical
treatments of photoabsorption in diffraction gratings have
been studied by many authors,?*~*! most of whom have
calculated diffraction efficiency curves as a function of
angle of photon incidence. McPhedran and Maystre?’
have used integral equations to explain the experimental
results of plasmon resonance absorptions observed by Hut-
ley and Bird'' for a metal-coated holographic grating with
a relatively deep groove profile. For shallow diffraction
gratings, Heitmann®?> employed perturbation theory for
light scattering, due to Krdger and Kretschmann,’ ob-
tained as a first-order solution of the equation in terms of
h /A, where h is the groove depth and A is the incident
photon wavelength. Heitmann found good agreement be-
tween theory and experiment for weakly modulated grat-
ings if grating anomalies were avoided. Recently, Elson
and Sung* have derived expressions for photoabsorption
in rough surfaces, obtained to first-order of 4 /A. Their ex-
pressions were shown to reproduce plasmon resonance ab-
sorptions in rough metal surfaces. Since for our diffrac-
tion grating h /A=0.025, their expressions were expected
to be applicable, so we used them to calculate plasmon res-
onance absorptances measured as a function of ruling
orientation 6.

For the sake of simplicity and due to a lack of exact
knowledge of the groove parameters of our diffraction
grating, we have assumed that the groove profile was
sinusoidal. Within the regime of the first-order approxi-
maiion, this assumption restricted transfer momenta al-
lowed in the grating surface to be *#g, and the surface
structure factor which was given by the Fourier transform
of the roughness correlation function was composed of
two & functions in the plane of transfer momentum, im-
plying that only n =+ 1, and n = — 1 plasmons were possi-
ble, contrary to the experimental results of Fig. 1. Calcu-
lations were made of the plasmon resonance absorptances
at the theoretical resonance angles by using literature
values?® of the optical constants of silver and a groove
depth =10 nm. The results for p- and s-polarized in-
cident light are plotted in Fig. 4 as a function of ruling
orientation 6. The peak absorptances of n=-—1
plasmons, which can be excited only for 4.3>60>0° (see
Fig. 3), are too small to plot in the figure in the case of p-
polarized light. For comparison, experimental values of
the peak absorptances in Fig. 1 are plotted in Fig. 4 after
subtracting the background absorptances.

Agreement between theoretical and experimental peak
absorptances for n=+1 plasmons is generally satisfacto-
ry, except for the results with p-polarized light at 8=60°
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FIG. 4. Peak absorptances at plasmon resonance angles for p-
and s-polarized photons as a function of the azimuth angle 6 of
ruling orientation relative to the plane of incidence. The theoret-
ical values are calculated for groove depth =10 nm assuming
sinusoidal groove profile.

and 90°, where significant discrepancies occur. However,
it is seen that the deficit in the experimental values is com-
pensated for by the appearance of the n=+2 and +3
plasmons in experimental results. This may be understood
by remembering that the grating groove profile was as-
sumed to be sinusoidal for the calculations. If the surface
structure factor has a series of higher components of
transfer momentum due to deviation from a sinusoidal
groove profile, a redistribution of plasmon resonance ab-
sorptance should occur between the peaks corresponding
to |[n|=1and |n| >1. This is seen in the results in Fig.
4. A similar redistribution of resonance absorptances is
found in the results for s-polarized light at 6=60". As
was mentioned before, the peak absorptances observed
with s-polarized light at 6=0° are composed of two degen-
erated plasmons corresponding to n = *i, where i/ is an in-
teger. The observed absorptance for n=+1 plasmons is
indeed nearly twice that of the calculated value.

In the case of plasmon resonance in a diffraction grat-
ing in which two surface plasmons propagating in dif-
ferent directions are excited simultaneously, a splitting of
the plasmon resonance peak is generally expected.’® The
splitting stems from coupling of the two plasmon wave
vectors mediated by the grating vector, which allows one
surface plasmon to be scattered into the other in the grat-
ing surface. For the n= +i plasmons for the ruling orien-
tation 6=0°, the momentum transfer necessary for this
scattering was 2i7ig. In our measurement of the plasmon
peaks for 6=0°, no splitting was observed, indicating that
the wave-vector coupling between the two plasmons was
weak.

The value of the groove depth, # =10 nm, used in the
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present calculation is significantly smaller than the experi-
mentally determined value h =16 nm. The calculated ab-
sorptance values are proportional to 4% and thus are rather
sensitive to the value of 4 used. They also depend on the
values of the optical constants of silver used. We have
made calculations using several different literature values
of the optical constants of silver. Results similar to those
plotted in Fig. 4 were obtained for A =10~ 12 nm, which
were consistently smaller than the experimental value.
One reason for this discrepancy is that the first-order
theory for photoabsorption does not include roughness-
induced radiative relaxation of surface plasmons which is
a second-order process. The observed plasmon resonance
absorptions were due to plasmons which dissipated nonra-
diatively and therefore should be less than predicted from
the first-order theory, thus giving a value of A smaller
than the experimentally determined value.

IV. DISCUSSION

Recently, Maradudin®® has suggested that studies of
surface plasmons whose propagation vectors are not per-
pendicular to the ruling of diffraction grating may be of
importance in connection with surface plasmons which
can exist along the apex of a dielectric wedge. The
plasmons excited in the present study were indeed propa-
gating in different directions with respect to the ruling.
Experimentally, it is important to determine the wave
number of surface plasmons as a function of the propaga-
tion direction relative to the ruling. We have determined
the wave number of each surface plasmon observed in the
experimental data in Fig. 1 from the resonance angles ob-
served. No appreciable directional dependence was found,
however, in the results beyond the experimental uncertain-
ty. A further study of this directional dependence of
plasmon wave vector is now being undertaken by using
diffraction gratings having various groove depths.

The optical properties of randomly or deterministically
rough surfaces have been studied for many years. Experi-
mentally, conventional optical techniques have restricted
most studies to measurements of light scattering or ree-
mission of photons from rough surfaces. In contrast to
this, the present photoacoustic technique probes changes
of internal energy occurring inside rough surfaces due to
absorption of incident photons and thus opens a new ex-
perimental approach to the problem. The technique re-
quires relatively simple experimental equipment and may
be extended to other spectral regions. Limitation may
arise, however, in the region of higher photon energies,
where photochemical reactions including photoelectron
emission and defect formation by incident photons have to
be taken into account in the interpretation of photoacous-
tic data. Photochemical events could provide new chan-
nels of energy deposition and dissipation which do not
contribute to heat production. For the silver sample used
in the present study, the work function was much higher
than the incident photon energy, and the possibility of
photoelectron emission may be dismissed.

In our interpretation of the photoacoustic data present-
ed above, we have employed the Rosencwaig-Gersho
theory"!® of PA signal generation from solid samples,
which assumes a smooth sample surface. The diffraction
grating used in the present study was very shallow (ratio
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of the groove depth to the grating constant h/d was
0.0083), and the groove depth 4 =16 nm was smaller than
the thermal diffusion lengths of both silver and air by a
factor of 10~*. The surface of our diffraction grating can
therefore be considered to be thermally smooth.

In conclusion, we have measured plasmon resonance ab-
sorptions in a diffraction grating as a function of angle of
ruling orientation relative to the plane of incidence. The
results of the absorptance change as a function of ruling
orientation were found to be consistent with predictions
from the first-order perturbation theory of roughness-
induced photoabsorption. A discrepancy was found, how-
ever, between the absorptance values determined experi-
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mentally and the values calculated from the first-order
theory by using the value of groove depth determined ex-
perimentally from the diffraction intensity. This
discrepancy was interpreted as due, in part, to roughness-
induced radiative relaxation of surface plasmons which
was not included in the first-order theory.
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