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Excited dye molecules on a metallic grating can relax by generating surface plasmon polaritons
(SPP’s). These SPP’s can scatter from the grating reradiating their energy as photons. For dye mole-
cules in contact with the metal, light radiated by SPP’s dominates the optical emission from the system.
If the wavelength of the SPP is equal to half the pitch of the grating then the mode can Bragg reflect
from the surface and an energy gap opens up in the SPP dispersion. This paper examines the effect that
such an energy gap has on the emission properties of the dye. Experimentally it is found that the SPP
energy gap significantly inhibits emission from the system. Numerical modeling is used to show that the
modified emission spectrum is determined by the wavelength dependence of the density of available SPP

states.

I. INTRODUCTION

There is much current interest in the interaction be-
tween electromagnetic radiation and materials that are
periodic on the scale of the wavelength of light (see, for
example, Ref. 1). In much the same way that energy
gaps occur for electrons propagating in periodic crystal-
line structures, the interaction between light and the ma-
terial can lead to energy gaps for modes propagating in
such media.>> These photonic gaps offer the prospect of
being able to modify the optical properties of systems by
appropriate design of the material structure. In particu-
lar, the potential control of spontaneous emission is of
considerable interest.*> This paper considers how an en-
ergy gap for surface-plasmon polaritons (SPP’s) propaga-
ting on a metallic grating can be used to modify the emis-
sion properties of an adjacent thin dye layer.

Dye molecules placed close to metal surfaces couple
strongly to surface plasmon polaritons (SPP’s). If the
surface is planar then these modes cannot reradiate their
energy as photons and the energy is ultimately lost as
heat to the metal. If, however, the surface is corrugated
then the SPP’s can scatter from the surface and couple to
photons, resulting in optical emission in well-defined
directions and with a characteristic polarization.

If the pitch of the corrugation is appropriate then the
SPP’s can Bragg reflect and an energy gap opens up in
the dispersion of the mode. If this gap coincides with the
emission spectrum of the molecule then the SPP decay
channel is blocked. This paper describes the effect of the
gap on the emission properties of the system. In particu-
lar it is found that emission is significantly inhibited in
the vicinity of the gap, and that the modified emission
spectrum is determined by the wavelength dependence of
the density of SPP states.

Figure 1 illustrates the sample geometry; a thin layer of
laser dye (DCM) was deposited onto the surface of a
silver grating. Excited dye molecules can relax by gen-
erating SPP’s that propagate at the metal/dye interface.
These nonradiative modes are p- (TM) polarized and can
scatter from the grating and couple to photons.®”® The
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light is emitted in well-defined directions and has a
characteristic polarization. This paper considers only the
emission in the plane normal to the surface and to the
grating grooves. In this case, the light reradiated by
SPP’s is p-polarized and is emitted at an angle 8 such that

kosind=tkgpptnG , (1)

where k is the wave vector of the emitted light, kgpp is
the wave vector of the SPP, n is an integer and G is the
grating vector (equal to 27/grating pitch). Equation (1)
is derived by requiring that the momentum of the SPP
matches the component of the photon wave vector in the
plane of the grating.’

Figure 2 shows an experimental measurement of the
emission from a thin dye layer on a silver grating. The
p-polarized emission is dominated by two strong peaks, at
13.1° and 35.2°. These peaks arise from the scattering of
SPP’s from the grating. The strongest peak is due to
first-order scattering (n =1) and the weaker peak is pro-
duced by second-order scattering (n =2). The s-
polarized emission shows no such resonant features.

The excitation of SPP’s is just one of a number of pos-
sible nonradiative routes by which the energy of the dye
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FIG. 1. Sample geometry.
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FIG. 2. The radiation pattern from a thin DCM layer on a
silver grating with a pitch of 820 nm. Both p- and s-polarized
emission are shown.

molecules can be absorbed by the metal. These include
the excitation of electron-hole pairs and resistive damp-
ing, that is the conversion of electronic currents in the
metal, induced by the near field of the molecule, into
heat.!® For an uncorrugated system all the energy nonra-
diatively transferred to the metal is ultimately lost as heat
and the emission from the sample is strongly quenched.
By corrugating the system, however, the energy
transferred to SPP’s can be recovered as photons. From
Fig. 2 it is clear that, in this case, the emission is dom-
inated by radiation from the SPP’s; direct radiation is
strongly quenched by the metal and is an order of magni-
tude less intense than the light reradiated via the first-
order coupled SPP.

If the SPP wave vector is equal to half the grating vec-
tor then the SPP can Bragg reflect from the grating sur-
face resulting in an energy gap in the dispersion of the
mode.!! 15 By suitable choice of grating pitch the SPP
energy gap can be made to coincide with the emission
spectrum of the dye, blocking decay via SPP modes. In
this case it is likely that the energy of the dye molecules
will instead be lost via other nonradiative routes rather
than direct emission, thus modifying the emission spec-
trum of the system. This paper presents an experimental
investigation of the emission properties of such a system
and shows that the emission spectrum is determined by
the wavelength dependence of the density of available
SPP states.

II. EXPERIMENT

The grating profile was holographically produced in a
photoresist layer deposited on a silica substrate and
transferred to the silica surface by etching with a beam of
argon atoms in a high vacuum chamber. An optically
thick silver film was then evaporated onto the surface of
the grating. A thin layer of the laser dye DCM was sub-
sequently deposited by spin deposition from a solution of
the dye in methanol. A solution concentration of 0.4
mg ml~! was used and the substrate spun at 3000 rpm.

The sample was characterized by measuring the angle-
dependent reflectivity at 488 nm. When the angle of in-
cidence 0 satisfies Eq. (1), a p-polarized incident beam can
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FIG. 3. The fitted reflectivity curve for the coated sample for
488 nm. The crosses are data, the line is the theoretical fit.

resonantly excite SPP’s, energy is absorbed from the
beam, and the reflectivity is reduced. Fitting multilayer
grating theory!®!” to the data yields the optical constants
of the layers and the profile of the grating surface.'®
Reflectivity data were recorded both before and after
coating the silver grating with DCM. Fitting the data for
the bare silver gave the silver parameters and the grating
profile. These values were then fixed and the DCM pa-
rameters adjusted to obtain a good fit to the data for the
dye-coated grating. A starting point for the DCM pa-
rameters was obtained by using the critical edge tech-
nique?!"?? to characterize a DCM layer on a bare prism.
Figure 3 shows the data for the dye-coated grating, the
fit, and the fitted optical constants.

The grating profile is described as a sum of harmonic
components:

y(x)=dsinGx +d,sin(2Gx +¢,) . (2)

Fitting theory to the reflectivity data for this grating
gives pitch =633.5+0.5 nm, d,=17.3+0.5 nm,
d,=2.8+0.1 nm, and ¢,=—90°. The extra harmonic
components arise from nonlinearities in the response of
the photoresist during exposure in the interferometer.
Generally only the first two or three components are
significant.

The experimental measurements of the emission prop-
erties of the system consisted of recording the emission
intensity as a function of the wavelength, the direction
and the polarization of the emission. The sample was
mounted in a holder that allowed the azimuthal angle of
the sample to be set to a precision of +0.5°. The dye lay-
er was excited by 488-nm emission from a 1-W argon ion
laser made incident on the sample via a multimode opti-
cal fiber. The fiber was attached to the sample holder via
a mount that included a graded index rod lens to focus
the light onto the sample. In this way the argon ion beam
moved with the sample as it was rotated during data ac-
quisition, thus holding the angle of incidence and polar-
ization of the incident beam fixed.

The sample holder was fixed to a computer controlled
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rotating table to allow the angle of emission to be
scanned. A lens collected the emission and focused it
onto the slits of a spectrometer, the collection angle being
limited to 1.5° by an aperture. The argon ion laser beam
used to excite the dye layer was mechanically chopped at
about 900 Hz so that phase-sensitive detectors could be
used to record the signal from a photomultiplier situated
at the exit slits of the spectrometer. A Glan-Thomson
polarizer placed in front of the spectrometer selected ei-
ther the p-polarized or the s-polarized component of the
emission. A filter on the entrance slits prevented laser
emission reaching the detector.

The wavelength resolution of the system was limited by
the collection angle used. In practice a compromise had
to be made between having acceptable wavelength and
angle resolutions, and collecting enough light to ensure a
reasonable signal level. Generally the angle resolution
was 10.8° and the wavelength resolution was =5 nm.

III. RESULTS AND DISCUSSION

The angular positions of the emission peaks is related
to the wave vector of the SPP’s from which they originate
[Eq. (1)]. Using the results from emission data, therefore,
the dispersion curve for the mode can be constructed. In
order to accurately determine the dispersion curve in the
vicinity of an energy gap, data have to be recorded as a
function of emission wavelength for fixed emission an-
gles.!*!° The peaks that occur in such data can then be
accurately interpreted as corresponding to the resonant
coupling between SPP’s and photons. The finite width of
the SPP resonance leads to misleading results if, instead,
the peaks recorded in angle scans of the emission are
used. Figure 4 shows an example of the emission data
recorded as a function of the wavelength for emission
normal to the sample.

The observed emission peaks arise from SPP’s scatter-
ing from the fundamental (G) component of the grating
surface. Light emitted normal to the sample arises from
SPP’s whose wave vector is equal to G [Eq. (1)]. Such
modes, propagating in the direction of the grating vector,
can Bragg reflect from the 2G component of the surface
profile and form a standing wave. There are two possible
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FIG. 4. Experimental emission data for emission normal to
the sample. The two peaks correspond to the modes on either
side of the energy gap.
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FIG. 5. The SPP dispersion curve constructed from measure-
ments of the peak emission wavelength as a function of emission
angle. There is a clear energy gap in the dispersion curve.

standing waves and it can be shown that these have
different energies.!> As a result an energy gap opens up
in the dispersion of the mode, the width of which is
linearly related to d,, the amplitude of the 2G com-
ponent. The standing waves can also be produced by
Bragg reflection from the G component. This is, howev-
er, a second-order process and in practice has a negligible
effect on the energy gap.

The two peaks in Fig. 4 therefore correspond to the
modes on either side of the energy gap; the separation be-
tween the two gives the gap width, and the mean value
corresponds to the central frequency of the gap. The po-
sitions of the peaks in such data were measured by fitting
Gaussians to the emission curves.

The results of a series of emission measurements are
shown in Fig. 5 where the peak emission wavelength is
plotted as a function of the emission angle, this corre-
sponds to the dispersion curve for the system. Data were
only recorded for emission angles in the range 0° to 4°,
but for clarity is shown for negative angles as well. This
shows clearly that there is a 13.5+0.5-nm-wide gap cen-
tered at an emission wavelength of 654.5+0.5 nm.

For wavelengths within the gap there is no available
SPP mode for the molecules to couple to so that this de-
cay route is effectively blocked over this wavelength
range. However, it has been shown!© that, for molecules
very close to a metal, decay via the excitation of
electron-hole pairs and resistive damping are also strong
decay channels. Removal of the SPP channel will, there-
fore, probably result in the energy being transferred to
the metal via one of these alternative nonradiative routes
rather than being emitted as a photon. Consequently the
energy will not be radiated and one might expect that the
photoluminescence in this wavelength range will be in-
hibited.

The spectrum of the light emitted in the plane normal
to the grating grooves can be obtained by measuring the
total intensity emitted at each wavelength. This can be
achieved by recording the intensity as a function of emis-
sion angle for each wavelength; the area under the curve
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FIG. 6. The normalized emission spectrum for the sample
exhibiting an energy gap, obtained by dividing the spectrum for
the sample exhibiting a gap by that for a sample without a gap.

is proportional to the intensity emitted at that wave-
length. Figure 6 shows such a spectrum for the sample
exhibiting the gap. In order to take account of the intrin-
sic emission spectrum of the dye material the results have
been normalized by dividing by the emission spectrum for
a sample without an energy gap near the emission spec-
trum of the dye.

From Fig. 6 it is clear that there are several features
that require explanation. Firstly, in the vicinity of the
gap the emission is reduced by a factor of 2, but it is not
completely inhibited. The curve is also asymmetric with
a small dip in the emission intensity at about 638 nm.
These features arise from the finite width of the SPP reso-
nance and the nature of the mode dispersion and can be
appreciated by considering a plot of the reflectivity
response of the system, Fig. 7.

The emission spectrum was constructed by measuring
the intensity as a function of emission angle for each

Wavelength (nm)

Angle of Incidence

FIG. 7. Calculated reflectivity map for the grating exhibiting
the energy gap. The dark regions correspond to low reflectivity,
the light areas are high reflectivity. The dotted lines are the
light lines representing the first order diffracted beams (see text).
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wavelength and calculating the area under the peaks. As
yet we cannot numerically model the emission from these
structures, but one would expect to see similar behavior
to that shown in the reflectivity response. Instead of
reflectivity minima one would observe emission peaks but
they should have similar widths and will follow the same
dispersion curve.

Figure 7 is a theoretically generated reflectivity map
for the sample and shows the reflectivity as a function of
the wavelength and the angle of incidence. The parame-
ters for the grating profile and DCM layer thickness were
taken from the fit in Fig. 3. The values of the optical
constants of the layers were fixed to those found at 664
nm.

Figure 7 shows clearly the presence of the gap and that
the gap width is comparable to the width of the SPP reso-
nance. It is also apparent that, at the edge of the gap, the
low-energy branch cannot couple to photons. This is a
consequence of the shape of the grating profile. The
difference in the coupling strengths to the two branches
can be explained in terms of the symmetry of the sur-
face.?°

In Fig. 4 the two modes give rise to equal strengths of
emission because of the intrinsic emission spectrum of the
dye. The dye emits far more strongly at 661 nm than at
647 nm. The difference in emission strength almost ex-
actly compensates for the difference in coupling strength.
Also, the collection angle of the detection equipment was
substantially larger than the gap in the coupling strength
to the low-energy branch.

Figure 8 shows the result of taking slices through the
reflectivity map at constant wavelength and integrating
the area of the reflectivity dips. These areas should ex-
hibit the same behavior as those obtained by integrating
the emission curves. The plot shows many of the same
features as the spectrum of Fig. 6.

The area does not fall to zero in the center of the gap
because the width of the SPP resonance is comparable to
the gap width. It is clear from Fig. 7 that although there
is no resonant coupling to a mode at the center of the
gap, the wings of the modes on either side of the gap do
overlap at that point. There is thus weak coupling be-
tween the SPP’s and photons.
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FIG. 8. The area of the reflectivity dips for slices taken at
constant wavelength through Fig. 7.
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The dip at 638 nm appears to be a consequence of the
coupling between the SPP’s and the first-order diffracted
beams. The dotted lines in Fig. 7 represent the light lines
that correspond to the plus and minus first-order
diffracted beams. Points on these lines represent
diffracted beams grazing along the surface of the grating.
Points lying below these lines (that is to the low-
wavelength side) correspond to diffracted beams propaga-
ting at less grazing angles; above the lines (to the high-
wavelength side) the modes become evanescent and so do
not propagate. The portions of the SPP dispersion curve
that lie below the light lines can couple to the diffracted
modes, providing a strong radiative decay channel for the
SPP mode. This radiative loss contributes to the damp-
ing of the mode, which determines the width of the reso-
nance.

When the light lines cross the dispersion curve the
diffracted beams become evanescent, removing this radia-
tive channel. The primary consequence of this reduction
in damping of the mode is to reduce the width of the res-
onance; the depth of the resonance is also affected but to
a lesser extent. The net result is a reduction in the area
enclosed by the resonance that occurs as the wavelength
rises to about 635 nm (Fig. 6). As the wavelength is in-
creased further, and the edge of the gap approached, the
dispersion curve becomes flattened. An angle scan at this
wavelength (about 647 nm) actually runs along the
dispersion curve for part of the way. The resonance will
therefore appear to have a much larger width at this
wavelength. This would seem to be the origin of the in-
crease in the area under the resonance at the low-
wavelength edge of the energy gap.

The areas plotted in Fig. 8 are related to the density of
SPP states that are available at a particular wavelength.
The energy gap modifies the emission spectrum by dis-
torting the density of available states that can couple to
light of a given wavelength. In the center of the gap
there is no resonant coupling and the emission intensity
drops, at the low-wavelength band edge there is a higher
density of states due to the flattening of the dispersion
curve, and there is a peak in the emission intensity. This
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feature is not seen on the high-wavelength side because
the coupling strength drops to zero at the edge of the gap
for this branch.

The agreement between Figs. 8 and 6 is not perfect, in
particular there is a slope to the theory curve that is not
present on the experimental data. Taking account of the
wavelength dependence of the dielectric constants of the
system may improve this. A full treatment would also
have to take account of the finite resolution of the detec-
tion system.

IV. CONCLUSIONS

In this paper we examined experimentally the effect of
an SPP energy gap on the emission from a dye layer ad-
sorbed onto the surface of a metallic grating. Emission
from this system is dominated by the reradiation from
SPP’s excited by the dye molecules. An SPP energy gap
can block this decay channel and significantly inhibit the
emission from the sample. We examined emission in the
plane normal to the grating grooves and showed that the
measured emission spectrum is determined by the wave-
length dependence of the density of available SPP states.
Since the width and central frequency of the energy gap
depend on the nature of the surface profile!* the emission
properties of this system can be significantly modified by
appropriate design of the surface morphology.

This paper has considered the effect of the SPP energy
gap on the emission in the plane orthogonal to the grat-
ing grooves. Further work is being undertaken to investi-
gate how the gap affects the emission in other directions®®
and the effect it has on the decay kinetics. Further work
is also needed to develop a theoretical model to treat the
emission from corrugated systems.
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FIG. 7. Calculated reflectivity map for the grating exhibiting
the energy gap. The dark regions correspond to low reflectivity,
the light areas are high reflectivity. The dotted lines are the
light lines representing the first order diffracted beams (see text).



