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Experimental data for three gratings of different groove profile and spacing are presented together with
calculations using a recently developed theory which predicts the probability for photon-to-surface-plasmon
conversion in terms of the surface profile and dielectric function of the metal coating of the grating. Theory
and experiment are in reasonable agreement and indicate that the magnitude of photon-to-surface-plasmon
coupling increases with both increasing groove depth and decreasing groove spacing.

1. INTRODUCTION

The periodic “roughness” of diffraction gratings
has been employed by many experimenters in the
study of surface-plasmon excitation at air-metal
boundaries. Teng and Stern® investigated the
radiative decay of surface plasmons produced in
a grating surface by electron bombardment as well
as the absorption of p-polarized photons from a
light beam specularly reflected from the same
surface. Cowan and Arakawa? studied the effect
on the surface-plasmon dispersion relation of dif-
ferent metal and dielectric coatings of the grating
surface by monitoring the radiative decay of sur-
face plasmons into the diffracted orders. But only
recently has there appeared, in the works of
Hutley,® Hutley and Bird,* and Pockrand,® a sys-
tematic experimental investigation into the effects
of groove profile on the absorption in grating sur-
faces of photons in the visible region.

Theoretical treatments of groove-profile effects
divide roughly into two categories. In the first
category are those which are basically extensions
of Fano’s theory of resonant excitation of surface
waves®; these include the works of Hessel and
Oliner,” Joviéevié and Sesnic® (for a surface with
infinite conductivity), and Higglund and Sellberg®
who compared their calculations with experimental
data. In the second are those which employ dif-
fraction theory, notably the integral-equation
approach of McPhedran and Waterworth!® for
grating surfaces of infinite conductivity and ex-
tended by McPhedran and Maystre!! for surfaces
of finite conductivity.

Although the theoretical treatments in both cat-
egories can be considered “rigorous” to one degree
or another, the procedures necessary to obtain
numerical results are formidable, requiring the
use of large computers with the significance of
groove profile and dielectric parameters obscured
by the numerical analysis. In contrast, the the-
oretical treatment with which our experimental
data are compared is based on perturbation theory
and requires rather sophisticated mathematics,
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but the resulting expression for the probability of
photon-to-surface-plasmon conversion is simple
enough to permit calculation on small computers
and clearly demonstrates the effect of surface
parameters.

II. THEORY

Excitation of surface plasmons by photons re-
quires the conservation of both energy and wave
vector (or momentum) parallel to the surface.

For a grating surface, wave vector conservation
requires that the surface plasmon wave vector 'IESP
and the component of the photon wave vector paral-
lel to the surface K, sind satisfy

Rsp=Kp sing +Ng, (1)

with N a nonzero integer and g a vector which is
parallel to the surface but perpendicular to the
grooves and of magnitude 2m/d, where d is the
groove spacing. Excitation occurs only for p-
polarized photons when the plane of incidence (de-
fined by K, and the normal to the surface) is per-
pendicular to the grooves; for this case KSP and
KP sin@ are collinear although they may be opposite
in direction for negative N. A theoretical treat-
ment by Elson'? gives the probability for this ex-
citation process as

Poz;Am (2)
with
Ay=87 12| y|2€,| (1 -€)|2coso|20% — 2]
x|[( = 1)(sin?6 - &)]'/2 — 0 sind | 2
x[Re(0% - &)}/2| (sin% — &)'/2 —i & cose |?
x [(0% - )M /2 1 &(0? - 1)1/2 |2, 3)

¢ v is the Nth coefficient of the Fourier transform
of the groove profile while X is the wavelength of
the incident photon, € =¢, + i€, is the dielectric
function of the metal, and oy=sind + N\/d. This
expression was derived using a first-order pertur-
bation treatment of the boundary value problem for
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the magnetic vector potential A, utilizing a trans-
formation to relative coordinates and a dyadic
Green’s function; Elson and Ritchie!® employed
similar techniques for a randomly rough surface,
but used the Hertz vector potential instead of A.
The theory is applicable for metal surfaces only
for the energy (or wavelength) region for which
surface plasmons exist, that is for €;< —1. The
wavelength region for which this is true varies
from metal to metal, but for Al, €, is large and
negative from the infrared well into the vacuum
ultraviolet with both €, (always positive) and |¢,|
decreasing with x.

Fundamental to the perturbation treatment is the
assumption that the wavelength of the incident
photon is much larger than the groove depth. In
order to be able to use Eq. (2) when this approxi-
mation may not be satisfied, we have calculated
the probability P of photon-to-surface-plasmon
conversion as!*

P=1-¢"%0, (4)

When using this expression, P never exceeds unity
and reduces to P, when P, is small.

I1I. EXPERIMENT

As suggested by Hutley,? grating efficiency is
completely specified if it is measured as a function
of angle of incidence for constant wavelength over
the full range of wavelengths for which it is to be
used. According to Eq. (1), fixing 6 and scanning
Kp is completely equivalent to fixing K, and scan-
ning 6. The former approach was adopted by
Higglund and Sellberg, ® and Bjork etal.,' although
it would seem to have the disadvantage that &
changes with K,. Consequently, we used the
latter approach, so that the experiment consisted
of directing p-polarized monochromatic light onto
a grating surface mounted in a reflectance chamber
and recording the intensity of the specularly re-
flected beam as the grating was rotated. At an
angle 6 such that Eq. (1) was satisfied, a dip in
reflectance occurred because energy was absorbed
from the incident beam due to surface-plasmon
excitation. The observed reflectance is thus equal
to the ordinary reflectance of the surface (which
exhibits a slow 6 variation) minus P, so that the
angular () variation of the dips is that of P.

1V. CALCULATIONS

The wavelength of the incident photons was
chosen so that the angular separation of dips in
reflectance for different N was a maximum with
the result that 1 —¢FP0 from Eq. (4) became
1-¢2~¥=P,. Since the maximum value of Py
corresponded to the minimum of the dip in reflec-
tance, the convention was adopted of plotting Py
increasing downward. Calculations were performed
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at 0.1-deg intervals and averaged over the beam
divergence of approximately 0.4 deg. Although
the experimental data which are presented are for
Al-coated surfaces, preliminary calculations using
published values of €; and €, for Al showed these
values to be inappropriate. Published values of

€, and €, are determined for Al surfaces prepared
under high vacuum conditions; however, an Al
surface oxidizes quickly when removed from the
vacuum. The formation of an oxide layer on an

Al surface has been shown to affect the surface-
plasmon dispersion relation and the dielectric
properties for that Al surface.? Furthermore,

the surface-plasmon dispersion relation and
damping have been shown to depend on the groove
depth for Ag-coated grating surfaces.® Although
these effects should be smaller for an Al surface
than for Ag, !¢ the magnitude of these effects can-
not, at present, be treated theoretically. Con-
sequently, these effects are combined into an
“effective” dielectric function &, determined from
the experimental data. For a given photon wave-
length, the angular positions of the minima of the
theoretical dips (maxPy) are determined by |¢,];
thus an effective |e,| is determined by angular
coincidence of the experimental and theoretical
dips. Similarly, requiring that the angular widths
of the theoretical and experimental dips be equal
determines an effective €,. Finally, all calcula-
tions presented are for a triangular groove pro-
file with base d, blaze angle ¢, and apex angle 8
=90° as specified by the manufacturer. For a
given photon wavelength, the relative magnitudes
(maxPy) of the theoretical dips depend only on the
groove profile and are virtually independent of €.
Adjustment of groove profile parameters to shift
the relative magnitudes of max P, is straightforward,
but to be reasonable, any adjustment of the param-
eters must produce agreement between the relative
magnitudes of the theoretical and experimental
dips in reflectance for all incident wavelengths;

the need for a different profile for each » would
imply that the X and 6 dependence of A, was wrong.
Of course, the groove profile cannot be expected
to be exactly triangular in the mathematical senze
and probably varies somewhat from groove to
groove and even within the same groove. But the
assumption is made that the size of these varia-
tions is small compared to A so that the “average”
groove profile is basically triangular. It is further
assumed that variations (such as rounded corners)
are most likely to occur at the apex of the groove;
thus, the blaze angle « is assumed to be most pre-
cisely defined with any uncertainty incorporated
into the apex angle 8. Since the relative magnitudes
of maxP, depend on |¢,]2, it is noted that increas-
ing B decreases |¢y|? with respect to |¢,,12, while
decreasing B has the opposite effect, with the ratio
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FIG. 1. Experimental reflectance (upper curve for
each A) and theoretical excitation probability (Py) vs
angle of incidence for grating A (600 grooves/mm,
a=2° 35'). Integers indicate appropriate N for each dip.

I£x12/1¢,11% being 2 maximum for @ +8=90° (one
groove facet vertical).

V. RESULTS AND DISCUSSION

Figure 1 gives the experimental reflectance!”
and theoretical excitation probability Py for grating
A. This grating has 600 grooves/mm and a blaze
angle of 2° 35’ so that the groove depth is much
smaller than the shortest wavelength investigated.
Perturbation theory would be expected to hold well
for this groove profile. Indeed, the calculations
are seen to agree well with the experimental re-
flectance. These curves illustrate several of the
general features of both the experimental and -
calculated reflectance. First, for constant x (and
thus constant &) both the depth (maxP,) and angular
ha:f-widths of the dips tend to increase with 6.
Secondly, as X decreases, dips for a given N be-
come broader and more shallow; this is due to the
usual variation of € with A. Third, the 6 variation
of the dips for positive N is opposite to that for the
dips with negative N; that is, dips for positive
N have steep slopes on the small 6 side of the
minimum and more gradual slopes on the large 6
side, while the opposite 6 variation is exhibited
by dips for negative N. Finally, it is noted that
as X increases, dips for positive N occur at pro-
gressively smaller 6 values while those for nega-
tive N move toward large 6 values and increase in
depth with respect to the other dips. Although the
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theoretical calculations and experimental data are
in substantial agreement for this surface, there

is a slight discrepancy between the relative magni-
tude of maxP,; and maxPy and the relative mag-
nitudes of the experimental dips. Forexample, at
A=5500 A the magnitude of the experimental dip
for N= -5 is larger than the magnitude of the dip
for N= +1, whereas maxP,, is larger than maxP_j,
which indicates that 1£,,12/1¢512 is smaller for
the actual profile than for the assumed profile.

The ratio 1¢,,1%/1¢ 412 can, in principle, be
decreased by decreasing g, but full agreement
between theory and experiment could not be achieved
since 8 (and thus 1¢,,12/1¢ y1?) for the assumed
profile was very close to the minimum value
already. A further decrease in the ratio nglz/
Ity |2 requires either the assumption, for example,
of a flat space between the grooves or of a profile
which is not strictly triangular. Investigation is
continuing into the effect of nontriangular profiles
on maxPy and also into which profile may represent
the most “reasonable” approximation to the actual
profile.

Figure 2 gives the experimental reflectance and
excitation probability Py for grating B. This
grating has 1200 grooves/mm and a blaze angle of
5° 10, so that its groove depth is the same as for
grating A, whereas its groove spacing is only half
as large. Aside from the fact that there are fewer
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FIG. 2. Experimental reflectance (upper curve for
each ) and theoretical excitation probability (Py) vs
angle of incidence for grating B (1200 grooves/mm,

a=5° 10"). Integers indicate appropriate N for each
dip.



13 PHOTON EXCITATION OF SURFACE PLASMONS IN...

EPNC.Y
i 3400 /\//\/f~ 1
0.0 +2 i i
p 0.3 I l
N o6 ;
5100 MH/‘\\/‘ ;
0.0 -2 +1 -3 3
A |
\ H
[V =7 |
RO N v \
0.8[
5500 A
0.0L _\2 /”‘.( +1
oo Vi |
0.8° ‘ |
10 20 30 40 50 60
B(deg)
FIG. 3. Experimental reflectance (upper curve for

each A) and theoretical excitation probability (Py) vs
angle of incidence for grating C (1200 grooves/mm,
a=7°17'). Integers indicate appropriate N for each dip.

dips for a given » due to the increase in g (decrease
in d), the experimental and theoretical curves in
Fig. 2 show much the same X and 8 dependence as
do those in Fig. 1. The experimental dips in re-
flectance for grating B are much stronger and of
larger angular extent than those for grating A,
indicating a larger probability for photon-to-sur-
face-plasmon conversion, even though the groove
depths (and thus |¢,;1?) are approximately the
same. The calculations are not in complete agree-
ment with the experimental reflectance, since the

magnitudes maxPy of the calculated dips are larger
relative to maxP,; than are the corresponding
magnitudes of the experimental dips. This suggests
that |¢,,12/1¢ 12 is larger for the actual groove
profile than for the assumed profile. This ratio
can be increased by increasing the apex angle 3;
in fact, the relative magnitudes of the experimental
and theoretical dips agree exactly if 3 is taken to
be 145° to 150°. Even with these profile param-
eters, the magnitudes of the theoretical dips are
much larger for grating B than for grating A, sup-
porting the assertion that the probability of photon-
to-surface-plasmon conversion increases with de-
creasing groove spacing (for constant groove depth).
Figure 3 gives the experimental reflectance and
the theoretical excitation probability P, for grating
C which has 1200 grooves/mm and blaze angle of
7° 7', so that the groove depth is approximately
1025 A. The broader dips in reflectance for this
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grating indicate stronger photon-to-surface-plas-
mon coupling over a larger angular extent than

for grating B. The data of Hutley® for Al and of
Pockrand® for Ag exhibit the same variation with
groove depth. At x=3400 f\, the broad dips which
extend over 20° to 30° for this grating are in
sharp contrast to the deep, narrow dips for grat-
ings A and B; reproduction of such a wide
variety of dips with such diverse shapes illustrates
the versatility of the theory and the sensitivity of
surface-plasmon excitation to €. Theoretically,
the dips for grating C should be deeper and
slightly broader than those for grating B, since
the increase in groove depth means an increase

in ¢ y1% which increases Py by a scale factor.
Actually, the increase in maxPj from the increase
in groove depth is partially negated by an increase
in damping as discussed below. Thus, the theory
also indicates that the probability of photon-to-
surface-plasmon conversion increases with groove
depth for constant groove spacing. As can be seen
in Fig. 3, for »=5100 and 5500 A the magnitudes
maxP,,; are larger relative to maxP_, than is found
experimentally; this is basically the same situa-
tion as for grating A and could not be resolved
without resorting to a groove profiie that was not
strictly triangular.

Summarized in Table I are the values of €; and
€, determined for gratings A, B, and C. Listed
for reference are €, and €, calculated from the
published data of Hunter,!® Schultz,!® and Schultz
and Tangherlini?® and an estimate® of €} for an Al
surface coated with a 50-A layer of oxide. For
grating A, €, is fairly close to €{; le;| and €, are
slightly smaller for grating B compared to grating
A. Pockrand® has suggested that the increase in
angular width of the dips in reflectance with in-
creasing groove depth was due to stronger radia-
tive damping of the surface plasmons. This in-
crease in damping is manifested for grating C as
a substantial increase in €, with respect to le,|.

VI. CONCLUSIONS

The probability for surface-plasmon excitation
in grating surfaces has been shown to increase
with increasing groove depth by comparing data
for gratings with the same groove spacing and to
increase with decreasing groove spacing by com-
paring data for gratings with the same groove
depth. Theoretical excitation probabilities ob-
tained by fitting the Elson-Ritchie theory to the
experimental reflectance substantiates this con-
clusion. The validity of this theory has been con-
firmed for two grating surfaces with groove pro-
file parameters which satisfy the assumptions of
the perturbation treatment. Furthermore, this
theory has been shown to give reasonable agree-
ment for a grating whose surface parameters may
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TABLE I. Dielectric functions for smooth Al surfaces, for smooth Al surface with 50-A oxide layer,

and for gratings A, B, and C.

Schultz and

€} for 50-A

Hunter Tangherlini oxide layer Grating A Grating B Grating C
A A) € € € € € € € € € € €
3400 -4.3 2,6
3500 -16.3 2.8 -10.1
3700 -10,0 3.2
4000 -21,0 4,0 =15.2 3.1 =13.1 -9.8 2,5
4100 -12.9 3.6 =10.4 2.7 -6.8 3.8
4200 -11.0 2,9 -7.9 4.1
4500 -25.7 5,5 =18.4 4,2 ~16.3 -14.7 4,7
4600 -16.4 5.3
4700 -13.1 3.8
4800 -14.2 4.0
4900 -14.5 4.1 -9.2 5.4
5000 -33.2 8.1 =22,7 6.0 =20.7 -15.3 4,2
5100 -19,3 6.2 =16.1 4.4 -10.8 6.1
5200 -~16.9 4.7
5300 -17.7 5.1
5400 -21,.6 7.0 =18.1 5.6
5500 -37.8 10.3 -=27.7 8.1 =—24.8 -22,5 7.2 =19.4 5.8 -13.2 7.1
6000 —48.7 13.8 =35.1 11.6 -=31.6 -20.7 6.4
6200 -26.8 8.9 =22.6 6.7
6500 —-42,0 16.4 -30.0 10.0

not strictly satisfy these assumptions. In fact,
this theory can reproduce a wide variety of dips
in reflectance with the use of appropriate values
of the dielectric function, illustrating the depen-
dence of surface-plasmon excitation on this func-
tion. Finally, the compactness of the final ex-

pression for Py facilitates the determination of &
from fitting the theory to the experimental data
which represents a significant advantage over pre-
vious theories in which the significance of sur-
face structure and dielectric parameters is ob-
scured by the mathematics.
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