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Modification of spontaneous emission lifetimes in the presence of corrugated metallic surfaces

R. M. Amos* and W. L. Barnes
School of Physics, University of Exeter, Exeter, Devon EX4 4QL, United Kingdom

~Received 30 October 1998!

We report the results of measurements of the spontaneous emission lifetime of a Eu31 complex in the
presence of a nearby metal surface. The excited-state lifetime of the ions are measured as a function of their
separation from both planar and periodically corrugated metallic surfaces. Several corrugated silver surfaces
were used, each having a different combination of pitch and amplitude. No significant difference is found
between data obtained for ions situated above a planar silver surface and those above corrugated surfaces that
have pitches greater than the emission wavelength. However, for surfaces with a pitch less than the emission
wavelength, differences are seen, and are shown to increase with increasing corrugation amplitude. Possible
explanations for the observed differences are given, including a discussion of the role of surface plasmon
polariton modes on corrugated metallic surfaces.@S0163-1829~99!05511-3#
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I. INTRODUCTION

The fluorescence properties of an emitter are contro
not only by the electronic wave functions of the emitter, b
also by the local optical environment, a point first noted
Purcell.1 In particular the emission of energy in the form of
photon requires the surrounding structure to support a ph
mode. The strength of the coupling between the emitter
the photon mode depends on the density of such modes a
emission frequency, a concept we refer to as photonic m
density~PMD!. Boundary conditions imposed on the electr
magnetic field by the local structure, notably reflecting a
absorbing surfaces, may modify the local photonic mo
density, thereby changing the probability of spontane
emission. Although much work has been carried out on fl
rescence near metallic interfaces, relatively little experim
tal work has been reported in cases where the reflecting
faces posses periodic texture on the scale of the wavele
of the light.

In the 1970s an elegant series of experiments were
formed by Drexhageet al.2 in which a technique of sequen
tially stacking inert organic monolayers was used to sepa
a monolayer of fluorescing molecules from a metal surfa
By adjusting the number of inert spacer monolayers,
separation between the emitter and the metal surface c
be controlled to within a few nm. The excited state lifetim
and the radiation pattern were measured as a function o
separation. It was found that the emission was dictated b
interference condition between direct and reflected fie
giving rise to oscillations in the excited-state lifetime a
striking features in the radiation pattern from the emitti
layer. Further, when the separation was small~less than 10
nm! the excited-state lifetime was found to reduce monoto
cally to zero, see Fig. 1. These features were success
modeled by Chance, Prock, and Silbey,3 who described the
emitting ions as forced, damped, oscillating electric dipol

The oscillations in the excited state lifetime with distan
are the result of the phase of the reflected field at the dip
site changing as the separation was varied. When the
flected field is in phase with the source field, emission
enhanced, thus reducing the lifetime; when it is out of ph
PRB 590163-1829/99/59~11!/7708~7!/$15.00
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the emission is suppressed. The reduction in the excited-s
lifetime in the small separation regime was identified w
the excitation of surface plasmon polaritons~SPP’s! at the
metal surface. The SPP modes have wavevectors greater
that of light of the same frequency. Consequently, coupl
between the emitters and SPP modes takes place via the
wave vector, near-field components of the dipole field~these
are the evanescent components of the dipole field!. At still
smaller separations a further reduction in the excited-s
lifetime was observed, arising from coupling between t
emitter and lossy modes of the metal~e.g., electron hole pair
excitation! as shown by Pockrand, Brillante, and Mo¨bius.4

We have recently reported how the thickness of a me
film affects the emission from ions situated nearby.5 As the
thickness of the metal film is reduced the fields associa
with the emitter can penetrate the metal to excite SPP mo
on the far side of the metal film. This introduces an ex
decay route with the consequence that the excited state
time may be reduced still further in the small emitter/me

FIG. 1. The excited state lifetime of Eu31 ions situated above an
infinite planar silver mirror as a function of emitter/metal distanc
The open squares are experimental data points, the size of w
indicates the error in the value. The solid line is a theoretica
derived curve in which the experimentally derived values of
silver parameters, the dielectric constant for the spacer layers~22-
triconsenoic acid! and thickness were used. The quantum efficien
was adjusted to obtain the best fit~and is equal to 0.760.05).
7708 ©1999 The American Physical Society
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PRB 59 7709MODIFICATION OF SPONTANEOUS EMISSION . . .
separation regime. The experimental results were comp
to the theory of Chance, Prock, and Silbey3 and excellent
agreement was obtained. Furthermore, at larger emitter/m
separations, the metal film thickness may also affect the
cillations in the excited-state lifetime. This was attributed
the lower reflectivity of the thin metal film resulting in
modification of the interference condition.

The channels by which the emitter may loose its ene
may be summarized as follows. The emitter may decay
the production of radiation, or it may decay nonradiatively
produce SPP modes or lossy modes in the metal as desc
above. The density of modes associated with both radia
and SPP’s depends on the specific sample geometry
composition. The local photonic mode density thus co
prises components due to radiation and SPP modes. We
discussed above the fact that both of these components
be changed, the first by altering the emitter/metal separa
the second by, for example, reducing the thickness of
metal layer. It is interesting to ask how the spontane
emission may be further modified if the metal surface is
riodically corrugated rather than planar. In this case
translational symmetry of the system is broken and new
tors may come into play.

~i! Breaking the translational symmetry of the plane
lows nonradiative modes, such as SPP’s, and if pres
waveguide modes, to couple to radiation by scattering fr
surface structure. Bragg vectors associated with periodic
in the surface profile may provide the momentum required
couple such nonradiative modes and photons.6

~ii ! Scattering of surface modes by the corrugation m
give rise to band gaps in the propagation of SPP modes
the surface.7 If the emission frequency of the emitter lies
the band gap then this decay route may be blocked, if on
other hand the emission frequency lies at the band edge
SPP decay route may be enhanced.8 For a singly corrugated
surface the dispersion of the SPP modes and the natu
any band gap depends on the direction of propagation of
mode on the surface.9 This makes quantifying the effect of
corrugation on the probability of the emitter decaying via t
SPP channel difficult, a point we will come back to later.

~iii ! Surface modes such as SPP’s may become local
in the presence of appropriate surface structure. Localiza
leads to dramatic enhancements in the local photonic m
density associated with them.10

~iv! All emitter sites within a sample are no long
equivalent; some emitters may be in a trough, others a
peak of the corrugation profile. These different sites w
have different photonic mode densities associated with th

~v! Corrugating the surface may reduce the reflectivity
seen by the emitters since some light may be scattered
diffracted orders rather than reflected specularly.

Nonradiative SPP modes that are initially excited by
decay of a nearby emitter may scatter to produce photon
demonstrated by Knoll, Philpott, and Swalen.11 They used
the LB technique pioneered by Kuhn and Drexhage2 to sepa-
rate a monolayer of dye molecules from a corrugated si
surface, i.e., a metallic grating. By examining the polariz
tion, wavelength, and intensity dependence of the emis
as a function of emission angle, they were able to show
the majority of the radiated power was produced via the S
decay channel for dye films;10–15 nm from the meta
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surface. Adamset al.12 measured the emission from N2 films
deposited on silver, for films up to 2000 nm thick. In contra
to the work of Knoll, Philport, and Swalen the films used
Adams et al. were thick enough to support waveguid
modes, as well as SPP’s; both types of mode were cle
seen in the measured radiation patterns, features that
been predicted by Aravind, Hood, and Metiu.13

With careful control of the corrugation used in such e
periments, a band gap in the propagation of SPP modes
be produced. The band gap arises when the pitch of the
rugation provides just the required momentum to backsca
the SPP mode. The two counter propagating SPP mode
up a standing wave and, owing to the different surfa
charge and field distributions associated with the two sta
ing wave solutions, a band gap is opened up.14 Thus the SPP
decay channel may be turned off.

By examining the intensity of emission from a laser d
spun down on top of a corrugated silver surface, Kits
Barnes, and Sambles15 recently demonstrated blocking of th
SPP decay channel with this technique. The radiation pat
arising from emission of a spun film of DCM laser dye w
measured as a function of the emission angle~both polar and
azimuthal angles!. Since the spun film was directly in conta
with the metal the fluorescence was heavily quenched
decay to SPP modes at the metal surface. They showed
by suitably corrugating the surface the energy lost to the S
modes could be recovered as radiation. To conserve mom
tum this coupling only occurred at well-defined angles d
tated by the pitch of the corrugation. They also showed
existence of energy band gaps in the dispersion of the
modes that arose due to the coupling between propaga
and counter propagating SPP modes via the periodic surf
If the emission energy of the dye coincided with the ba
gap no excitation of SPP modes was possible, giving rise
a decrease in the fluorescence intensity at angles corresp
ing to the gap region.

For the single corrugation used, SPP propagation w
only blocked over a small range of directions centered on
normal to the corrugation groves. This matter is develop
further in the discussion and has been reported elsewh9

To block SPP propagation in all directions and, therefore
turn off the SPP decay route at the emission frequency c
pletely, a surface that is periodically modulated in at le
two directions is required. Kitson, Barnes, and Samble16

demonstrated that a hexagonally textured surface could
deed be used to produce such a complete SPP band ga

The work mentioned above has concentrated on radia
patterns produced in the presence of corrugated surfaces
a given emitter/metal separation, differences between ra
tion patterns in the presence of planar and corrugated
faces arise due to the coupling of nonradiative guided mo
and radiation by Bragg scattering. Such measurements do
address the question of whether corrugated surfaces
change the photonic mode density; to answer this ques
requires the measurement of spontaneous emission lifetim
Considerable theoretical effort has been devoted to this
problem. In a series of papers, Leung and co-workers17–22

considered the effect of corrugated metal surfaces on fl
rescent emission from nearby molecules. Several of their
pers have in particular dealt with the issue of the decay
of an excited molecule above a corrugated me
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7710 PRB 59R. M. AMOS AND W. L. BARNES
surface.17,18,22Several assumptions were made, notably, t
the depth/pitch ratios for the corrugations are very sm
~weak modulation! so that first-order perturbation theor
may be applied. Their theory predicts morphology-depend
resonances that cause significant changes in the decay
compared to the decay rate in the presence of a planar
face. Indeed, the predicted changes, often an order of m
nitude, seem quite remarkable for the very weak corrugati
considered. It is with these considerations in mind that
present experimental investigation has been undertaken

Our study involves repeating the experiments of Dre
hageet al.2 using substrates with a variety of geometries. W
have therefore measured the spontaneous emission life
as a function of emitter/metal separation both for planar
ver metal surfaces and for a variety of corrugated silver s
faces. By comparing data for different samples we are abl
examine how surface corrugation modifies the spontane
emission lifetime and thus say something about the ass
ated photonic mode density.

II. EXPERIMENT

Substrates were made from flat, polished silica slid
They were first cleaned and exposed to hexamethyldisilaz
~HMDS! to render their surface hydrophobic. A silver film
200 nm thick was deposited onto one side by thermal eva
ration so forming the metallic mirror. A Langmuir-Blodge
~LB! spacer film was then deposited onto the silver film a
sequence of monolayers, followed by a monolayer of an
ganic complex containing a Eu31 ion. 22-tricosenoic acid
was chosen for the spacer film because of the relative
with which it may be deposited and because of its transp
ency at the emission wavelength of the Eu31 ions. It was
deposited at a surface pressure of 30 mNm21 at 25 °C with
Y-type deposition~subphase purity of 18 MVcm21 and pH of
5.5!.

The Europium complex~hexadecyl pryidinium tetrakis
1-3 diphenyl 1-3 propanedione europium III! consisted of a
symmetrical arrangement of four bidentate ligands an
long hydrophobic hydrocarbon chain, the latter to aid L
film forming properties. However, a stable floating mon
layer of this material could not be produced, despite tryin
range of subphase pH and temperature. Furthermore, ev
modest surface pressures~greater than 10 mNm21! the float-
ing monolayer collapsed forming bilayer regions and crys
lites. Normal deposition onto a glass slide at pressu
greater than 25 mNm21 produced very poor quality LB films
consisting of a large number of defects and crystallites.
tempting to deposit at lower surface pressures simply
sulted in no transfer of material to the substrate. To ov
come this problem the europium complex was deposited
surface pressure of 5 mNm21 thus avoiding film collapse, the
substrate being lowered through the film horizontally.
depositing different numbers of acid bilayers, 16 differe
spacer-layer thicknesses could be deposited onto one
strate.

The corrugated samples were produced by exposing a
photoresist film to an interference pattern. After develo
ment, the substrate was ion etched to transfer the pa
from the photoresist to the glass substrate. However, it
found that as the pitch of the corrugations decreased the
t
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plitude of the etched corrugations in the substrate decrea
dramatically. Reproducible short pitch corrugations we
therefore produced using an alternative technique. Rep
corrugated samples were formed from a hardened photor
master. Heated~120 °C! Perspex pieces were contacted on
the master, removed and cooled to produce a replica surf
A large planar region was present on the replica samples
used as a control region to compare with both silica polish
planar samples and theory.

Depositing high-quality LB films onto corrugated sampl
also presented problems. Depositing 22-tricosenoic in
usual way often resulted in films that contained a large nu
ber of defects. This was alleviated by ensuring that the c
rugations were perpendicular to the water surface. The de
sition speed was also decreased from 1 to 0.1 mm s21. The
europium complex was deposited satisfactorily using
horizontal transfer technique described above. The sam
geometry used is shown in Fig. 2.

The europium complex was excited with a 5-ns pu
from a nitrogen laser at a wavelength of 337 nm. This pu
source excited the bidentate ligand of the complex, fr
which energy is transferred to the europium ion. Emiss
from the ion was centered at 614 nm, the emission spect
of an LB film containing the europium complex is shown
Fig. 3. The emission was collected by a lens and pas
through a spectrometer set to pass 614 nm with a bandw
set to 10 nm. A cooled~230 °C! photomultiplier was used to
detect the emerging light. The photomultiplier was co
nected to a multichannel scalar averager~Stanford SR340!,
which was operated in photon counting mode and was t
gered by a pulse from a photodiode that sampled part of
pump beam. The overall temporal resolution was 5 ns.
example of such data is shown in Fig. 3, showing the flu
rescence decay of the europium complex in the absence
metallic mirror.~The lifetime of the europium complex pow
der was measured to be 0.93 ms.!

Excited-state lifetimes were determined by fitting a sing
exponential decay, with an offset, to the experimental da
This was done using statistical weighting of the data of
form 1/y wherey is the data value. Thex-squared difference
per data point between the fitted function and the experim
tal data was typically unity. A minority of data sets we
found to be better fit by a biexponential decay. The sho
lifetime component was always significantly weaker than

FIG. 2. The corrugated sample structure consisting of four l
ers. The first is a 10-mm-thick glass disk with an etched corruga
relief profile on one surface. The glass is coated with a 200-n
thick silver film. Spacer layers of 22-tricosenoic acid are depos
via the LB technique, and finally via the same technique, a sin
monolayer of a europium complex was added.
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PRB 59 7711MODIFICATION OF SPONTANEOUS EMISSION . . .
long-lifetime component and showed no oscillatory dep
dence on ion-mirror separation. Consequently for these
the long lifetime is the one recorded here.

The relative permittivity of the metal films used, togeth
with the corrugation profiles were determined by obtain
angle-dependent reflectivity data. Theoretical models of
reflectivity were the fit to the data, the relative permittivi
and corrugation profile being fitting parameters. The theo
ical model for the reflectivity calculations used a coordin
transformation technique initially introduced by Chandez
Dupuis, and Cornet.23 Details of the experimental arrange
ment and fitting procedures have been given elsewhere.24,25

III. RESULTS

The dependence of the excited state lifetime for Eu31 ions
above a planar silver film on the emitter/metal separatio
shown in Fig. 1. The expected oscillations in the exci
state lifetime are seen, due to the interference between d
and reflected emission. The quenching at small separat
noted in the introduction is clearly present. Also shown
Fig. 1 is a numerically calculated line based on the theory
Chance, Prock, and Silbey.3 The calculation uses the relativ
permittivity of the LB spacer layer and the relative perm
tivity of the silver film, both of which were derived from
reflectivity measurements described above. For the purp
of modeling, the europium complex monolayer was assum
to have the same optical properties as the 22-tricose
acid.5,26 Emission was assumed to be purely electric dip
in nature and the dipole orientation assumed to be effectiv
isotropic, i.e. the dipole moment sampled all spatial dir
tions on a time scale much faster than the spontaneous e
sion lifetime. Further, the emission was taken to be mo
chromatic at 614 nm. The only adjustable parameter in
model was thus the quantum efficiency of the transition a
the best fit to the experimental data was obtained when
quantum efficiency equaled 0.760.05, in good agreemen
with Chance, Prock, and Silbey.3 Further details of the cal

FIG. 3. The time evolution of the fluorescence from a mon
layer of the europium complex that is deposited onto a silica g
slide via the LB technique. The fluorescence was collected at
nm. The solid line is a single exponential fit of the form given in t
text and gives an excited state lifetime of 0.93 ms for the mate
The inset shows the fluorescence intensity as a function of w
length for a sample of europium chelate~Hexadecyl pyridinium
tetrakis 1-3 diphenyl 1-3 propandione europium III!. The emission
at 614 nm is electric dipole in nature and accounts for 90% of
total emitted light.
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culations are given in Refs. 3, 5, and 26.
Figure 4 shows how the excited-state lifetime depen

upon the distance from a 1074.830.1 nm pitch corrugated
surface of amplitude 39.860.1 nm. Also shown is the theo
retical dependence for aplanar surface based upon the ex
perimentally determined silver parameters for this particu
film. Clearly there is very little difference between plan
and corrugated regions.

Figure 5 shows how the excited state lifetime depen
upon the distance from a 800.760.1 nm pitch corrugated sur
face of amplitude 18.960.1 nm. Again, the theoretical de
pendence for a planar surface is shown for comparis
based upon the experimentally determined silver parame
Here too there is very little difference. These two resu
suggest that provided the pitch is larger than the emiss
wavelength and the amplitude of the surface modulation
small, there is little affect on the excited-state lifetime. W

-
s
4

l.
e-

e

FIG. 4. The excited-state lifetime of a monolayer of the e
ropium complex situated above a corrugated silver surface of p
1075 nm and amplitude 39 nm as a function of distance. The s
line is a theoretically modeled curve for aplanar surface in which
the experimentally derived values of the silver parameters, the
electric constant for the spacer layers~22-triconsenoic acid! and
thickness were used. The quantum efficiency was equal to
60.05. It should be noted that there is little or no difference b
tween corrugated and planar surfaces.

FIG. 5. The excited-state lifetime of a monolayer of the e
ropium complex situated above a corrugated silver surface of p
801 nm and amplitude 19 nm as a function of distance. The s
line is a theoretically modeled curve for aplanar surface in which
the experimentally derived values of the silver parameters, the
electric constant for the spacer layers~22-triconsenoic acid! and
thickness were used. The quantum efficiency was equal to
60.05. It should be noted that there is little or no difference b
tween corrugated and planar surfaces.
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7712 PRB 59R. M. AMOS AND W. L. BARNES
thus infer that there is little change in the local photon
mode density, probably because such surfaces perturb
reflected field only slightly and also produce little change
the density of SPP modes on the surface.

Figures 6 and 7 show the separation dependence of
excited-state lifetime for Eu31 ions situated above 407.
60.1 nm pitch surfaces of amplitudes 3061 and 68
64 nm, respectively. Clearly there is now a difference in
separation dependence of the excited-state lifetime, both
tween the corrugated surfaces and the planar surface,
between the two different corrugated surfaces. The most
ticeable change is a reduction in the amplitude of the os
lations of lifetime with separation. There is also a significa
reduction in lifetime for the smallest values ofd measured,
possibly related to a change in the PMD associated with
SPP mode. A discussion of these and other matters is g
in the next section.

FIG. 6. The excited-state lifetime of a monolayer of the e
ropium complex situated above a corrugated silver surface of p
408 nm and amplitude 30 nm as a function of distance. The s
line is a theoretically modeled curve for aplanar surface in which
the experimentally derived values of the silver parameters, the
electric constant for the spacer layers~22-triconsenoic acid! and
thickness were used. The quantum efficiency was equal to
60.05. It should be noted that there is a difference between pl
and corrugated regions at a distance of 48 and 80 spacer laye

FIG. 7. The excited-state lifetime of a monolayer of the e
ropium complex situated above a corrugated silver surface of p
408 nm and amplitude 6864 nm as a function of distance. Th
solid line is a theoretically modeled curve for aplanar surface in
which the experimentally derived values of the silver paramet
the dielectric constant for the spacer layers~22-triconsenoic acid!
and thickness were used. The quantum efficiency was equal to
60.05. It should be noted that there is now a significant differe
between planar and corrugated regions for most of the spacer-
regions.
the

he

e
e-
nd
o-
l-
t

e
en

Before moving to that discussion we should note tha
was not possible to identify whether molecules with differe
lateral position with reference to the corrugation experien
different decay rates. Different sites, if they have differe
lifetimes, will produce a multiexponential fluorescence dec
curve. Since some data were nonexponential on the pla
regions, we are unable to infer whether different sites h
different lifetimes. A site-selective excitation~or collection!
technique would be needed to investigate this aspect furt

IV. DISCUSSION

As discussed in the introduction, the excited-state lifeti
of an emitter above a planar metal surface is determined
two conditions, that of interference between direct and
flected fields, and coupling to the SPP mode. A corruga
surface may be expected to modify both conditions.

Firstly, the interference condition may be modified sin
the far field of the dipole may be diffracted by the period
surface modulation. This process is likely to reduce the
flected field at the site of the emitter since diffracted fie
are unlikely to have the same phase as specularly refle
ones. Assuming diffraction reduces the reflected field, a
therefore reduces the modulation of the photonic mode d
sity, we would expect the amplitude of the lifetime oscill
tions to be reduced.

Secondly, periodic corrugation of the surface leads to
existence of energy gaps in the SPP dispersion.7,9 Bragg scat-
tering from this periodic modulation couples propagating a
counter propagating SPP modes to produce two stan
wave solutions. The two solutions have different field pr
files and different surface charge densities associated
them. Consequently the two standing wave solutions h
different energies, but the same wave vector. The hi
energy solution has field extrema at the corrugation trou
whilst the low-energy solution has field maxima at the c
rugation peaks.14

For SPP modes propagating perpendicular to the corru
tion grooves a band gap arises when the following relati
ship is satisfied,

kSPP5G/2, ~1!

where G is the corrugation vector equal to 2p/corrugation
pitch, and kSPP is the SPP wave vector. For SPP mod
propagating in the plane of the surface at an anglew ~the
azimuthal angle! to the corrugation Bragg vectorG, the con-
dition for a band gap is9

kSPP5
G

2 cosw
. ~2!

Thus for a given corrugation pitch and SPP wave vector~i.e.,
given corrugation sample and an SPP mode with a freque
equal to the emission frequency of the Eu31 ions! the gap
will occur at some value of the anglew. ~Note, this will only
be true providedkSPP.G/2.) The width of the gap depend
upon the corrugation amplitude.14 The azimuthal angle rang
over which SPP propagation is forbidden depends upon
position of the upper and lower band edges, see Fig. 8,
hence is determined by the corrugation pitch and amplitu
details are given in Ref. 9. The effect of the spacer layer is
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increase the wave vector of the SPP mode and thus shif
band gap to higher azimuthal angles for a given emiss
frequency. The total angle range over which SPP propa
tion is forbidden can be calculated for the case of zero sp
layer thickness,9 and is given in Fig. 8 for the different grat
ings used. While ignoring the spacer layer cannot be an
curate calculation for the samples studied, it does give
indication of the extent of the SPP band gap. The effect o
spacer layer will be to increase the wave vector of the S
mode of a given frequency. Thus the frequency at which
SPP band gap occurs will be reduced with respect to a s
lar corrugation and no spacer layer. The result of this will
a reduction in the angle range over which the gap is effec
as the spacer layer thickness is increased.

We can see in Fig. 8 that for the first two corrugati
samples~pitches of 1075 and 801 nm!, the fraction of angles
over which a band gap exists is small,;1%. Hence we ex-
pect little change in the excited-state lifetime in the sm
separation regime~<10 spacer layers! of these two samples
where SPP coupling dominates the decay of the emitte11

However, for the 400-nm pitch samples the extent of the
is significant,;20%. One would expect that the presence
a gap would reduce the PMD and thus increase the exc
state lifetime. This is however the opposite of what is o
served in Figs. 6 and 7.

At present two possible explanations can be put forw
for this unexpected result. Firstly, at the edge of the gap
PMD associated with the SPP modes is enhanced.8 If this
enhancement of states at the band edge more than offse
lack of states within the band gap, then we would expect
excited-state lifetime to be reduced. A more detailed theo
ical analysis in which the spacer layer is included and
density of SPP states evaluated is clearly needed. Seco
it may be possible for the near field of the dipole to sca

FIG. 8. A schematic of the theoretically derived azimuthal an
dependence of the SPP band gap for the different gratings use~in
the model the effect of the spacer layers on the SPP dispersion
ignored!. For each grating the position of the upper and lower ba
edges are shown as a function of the azimuthal propagation angf.
Note that the band edges increase in energy as the azimuthal
of propagation is increased. There is only a narrow angle range
which the propagation of SPP’s are forbidden at the emission
quency~equivalent to 614 nm!; for the 1075- and 801-nm grating
this angle range is;1% of the total angle range indicating that fo
these gratings the SPP band gap will have little effect of
excited-state lifetime of the europium complex.
he
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from the corrugation. In this way components of the dipo
field that previously could not participate in dissipatin
power, notably the evanescent or near-field compone
could scatter from the corrugation thus allowing coupling
the emitters to both radiation modes and the SPP mo
Whether such diffraction from the corrugation requires t
near field of the emitter to be scattered by the periodic mo
lation, or is more simply scattered by a nearby featu
~trough, peak! in the surface profile, is unclear.

There is currently little theoretical work in the literatur
that can be easily compared with the experimental res
reported above. The theories that are published, such as t
of Arias Aravind, and Metia27 and those of Leung and
co-workers17–22 are not expected to work for deep corrug
tions and/or small surface-emitter separations, the later c
ing problems due to the need to consider high wave ve
components of the dipole nearfield. These limitations are
fortunate since the data presented above show that this is
the regime where changes in the excited state lifetime
seen.

Further experiments are clearly needed. In particular,
periments such as those reported above, but for shorter p
corrugations are required. If the pitch is short enough the
field of the emitter cannot be diffracted, scattering of the n
field might then be more easily examined, perhaps by m
suring the radiation pattern from such samples. Experime
such as these are currently under way.

V. SUMMARY

The excited state lifetime of Eu31 ions has been deter
mined as a function of their separation from corrugated sil
surfaces. Five samples were studied. The first was planar
provided a reference to compare with the results from n
planar surfaces. The four remaining samples were co
gated, each having a different combination of pitch and a
plitude. For the two longer pitch corrugations~1075 and 801
nm! the separation dependence of the excited-state lifet
was found to be indistinguishable from that due to a pla
surface. For the two shorter pitch corrugations~408 nm! sig-
nificant differences in the separation dependence of
excited-state lifetime were observed, a stronger effect be
seen for the deeper corrugation. The reduction in the os
lations has been tentatively attributed to diffraction of t
dipole far field. Further, the quenching of the fluorescence
the small separation regime, where coupling to SPP’s is
pected to dominate, was found to be increased. The poss
ity that the increased quenching is due to changes in
photonic mode density associated with SPP band gaps
been discussed, but further experimental and theore
work is urgently required to help us understand the mec
nisms involved.
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