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Grating couplers for surface plasmons excited on thin metal films
in the Kretschmann-Raether configuration

U. Schröter and D. Heitmann
Institut für Angewandte Physik und Zentrum fu¨r Mikrostrukturforschung, Jungiusstraße 11, 20355 Hamburg, Germany

~Received 23 February 1999!

We investigate the optical properties of periodically modulated thin metal films in the Kretschmann-Raether
configuration. We find that excitation of surface plasmons via the grating coupler effect at the metal surface not
facing the incoming light is not possible in the case of a conformal modulation of the two metal surfaces, but
only if the thickness of the metal film is varied over the grating period. In this case there is strong interaction
between the surface plasmons on both surfaces and photonic band gaps open up in the dispersion. Whereas in
reflection spectra the surface plasmons are seen as minima, they can appear as maxima, minima, or Fano-type
resonances in transmission spectra. We show how thin film grating couplers can be tailored to achieve a field
strength enhancement at a particular interface or pronounced photonic band gaps.@S0163-1829~99!00931-5#
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I. INTRODUCTION

Surface plasmons1 are electromagnetic excitations th
propagate along the interface between a metal and a die
tric. The fields are highest at the interface itself and de
exponentially into both media. But this field enhancemen
not the only reason why surface plasmons may become
teresting for optical applications.2–5 A periodical modulation
or grating structure of the surface opens further possibilit
Barnes and co-workers6,7 presented textured surfaces that e
hibit photonic band gaps analogous to photonic solids.
cently, they examined a layer structure with a microcav
One mirror of that microcavity had a periodically modulat
surface.8 This results in photonic band gaps for coupled s
face plasmon polariton modes of the cavity. Whereas
approximate positions in frequency and wave vector of
surface plasmons and the photonic band gaps can be e
anticipated from the periodicity of the grating, it is mo
difficult to predict the strengths of the excitations. Som
times astonishing behavior is observed. Ebbesen
co-workers9,10 investigated the optical transmission throu
arrays of small holes in relatively thick metal films on qua
substrates and found extraordinarily high transmission pe
in their spectra. These are due to surface plasmons on e
side of the metal film.9–11 Surprisingly, the transmission
strengths are the same, regardless of whether the illumina
is from the air or from the substrate side.

A surface plasmon on a single flat interface betwee
metal and a dielectric cannot be excited simply by radiat
light onto that surface, because the wave vector of the p
mon parallel to the surface exceeds the wave vector of l
of the same frequency in the dielectric@Fig. 1~a!#. Periodical
modulation of the surface with a perioda @Fig. 1~b!# intro-
duces a grating coupler which can add a multiple of 2p/a to
the wave vector parallel to the surface. As part of the disp
sion branches thus come to lie inside the light cone@Fig.
1~c!#, for certain angles of incidence depending on the f
quency light can now couple to surface plasmons. A sec
way of enlarging the wave vector is an attenuated total
flection setup@Fig. 1~d!#. In this case, one uses a thin layer
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metal and the light is incident from a second dielectricD2
that has a larger index of refraction than the first dielec
D1. Then the wave vector for light of a certain frequency
lager inD2 than inD1. If the metal film is thin enough, the
light can ‘‘tunnel’’ through it and excite a surface plasmon
the interface between the metal andD1. But as the disper-
sion curve of the surface plasmon lies entirely to the right
the light line in D1, for excitation of surface plasmon
angles of incidence greater than the total reflection an
between the two dielectrics are needed.

In this paper we investigate what happens if we modul
one or both interfaces in Fig. 1~d!. The question is whether a
periodic texture can help to excite surface plasmons at sm
angles of incidence not only at the interface between
metal andD2, but also at the interface between the metal a
D1. The Kretschmann-Raether setup allows us to spati
separate the evanescent plasmon field from the incident

FIG. 1. ~a! Dispersion for the surface plasmon on a plan
metal-dielectric interface.~b! Periodically modulated metal surfac
and ~c! surface plasmon dispersion for the grating. Possible b
gaps at the crossing points of the branches have been neglect
this scheme.~d! Attenuated total reflection setup with a thin met
film between two dielectricsD1 andD2. D2 has a higher index of
refraction thanD1.
4992 ©1999 The American Physical Society
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FIG. 2. Calculated reflection spectra for normal incidence from the substrate side for 600-nm grating and near-field distributionuEW u2)
for different sample geometries. All near-field plots are two grating periods~1200 nm! across. Vertical dimensions are indicated beside
plots. Every near-field plot has its own gray scale.~a!,~b! conformal interfaces.~c!,~d! Only silver-air interface modulated.~e!,~f! Only
silver-quartz interface modulated.~g!,~h! Both interfaces grating modulated and phase shifted against each other.
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the specularly reflected beam, because the latter are on
other side of the metal film. This is an interesting aspect
surface plasmons on structured surfaces because they
not only show the exponential decay of the electromagn
fields in the direction away from the surface, but also a fi
profile corresponding to the surface structure. In addition
reflection and transmission spectra, our calculations pe
evaluation of the near field, which provides deep insight i
the microscopic coupling behavior. Thus they allow us
optimize grating couplers in the Kretschmann-Raether
rangement with respect to the field enhancement at a par
lar interface, the transmission strength, or photonic b
gaps in the surface plasmon dispersion.

II. REFLECTION SPECTRA

A. Theory

To calculate the reflection spectra of the layered struc
with two conformally modulated interfaces sketched in t
inset of Fig. 2~a!, we use the Chandezon method,12,13 which
is valid even for highly modulated gratings. This formalis
first maps the modulated surfaces onto parallel planes b
coordinate transformation. Then the fields are expresse
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Fourier expansions in each medium and matched at the
terfaces. To calculate the reflection spectra of the grati
sketched in Figs. 2~c!–2~h! with two different surfaces, we
use the Chandezon technique for matching the fields at e
interface. In this way we obtain two different representatio
for the fields inside the metal which we convert into ea
other by applying a point matching method14 along a line in
the middle of the metal film. The Chandezon technique a
allows evaluation of the near field.15

All spectra in Fig. 2 are calculated for normal inciden
(u50o) of p-polarized light from the quartz side. In thi
polarization the electric-field vectorEW is perpendicular to the
grating wires. The dielectric constants are taken to beeair
51, equartz52, andesilver(v) is an empirically determined fi
function valid in the visible range.16 For the 600 nm grating
in Fig. 2~a!, one finds the reflection dip representing the s
face plasmon at the metal-quartz interface at 1.41 eV. If
surface plasmon at the metal-air interface could also be
cited via the grating coupler, the corresponding reflect
minimum should occur at about 2 eV. However, there is o
the small ‘‘diffraction edge’’ caused by a vanishing diffra
tion order at 1.99 eV. In Fig. 2~b! we plot the field distribu-
tion of the electric field (uEW u2) in all three media for\v
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4994 PRB 60U. SCHRÖTER AND D. HEITMANN
51.97 eV, an energy shortly beneath the diffraction ed
The amplitude of the incoming wave has been normalize

uEW u inc51. In quartz there is an interference pattern mai
formed by the incident wave, the specularly reflected be
and the first diffraction orders. Higher diffraction orders a
less important. In the air there is a standing wave and
exponential decay of the field intensity away from the silv
surface. This pattern, however, is made up by the two fi
diffraction orders for air which are not yet propagating b
still evanescent surface waves at\v51.97 eV. They inter-
fere to give a pronounced standing wave pattern with re
tively high field maxima, because they are in resonance w
the grating period. The maximum field values at the silv
air interface are lower for other values of\v. Even for\v
51.97 eV the intensity is at least an order of magnitu
lower than the field enhancement a surface plasmon wo
produce. Inside the metal layer the electric field shows sli
concentrations in the grating valleys and at the corners,
mainly it is highest at the silver-quartz interface and dec
rapidly into the silver as it would in the case of a plan
metal film. As the silver layer has constant thickness,
grating coupler cannot come into effect inside the metal.
a metal film of constant thickness with two conforma
modulated surfaces, on the surface opposite the incom
light, there is only the plasmon excited in attenuated to
reflection at an angle greater than the total reflection an
but there is no excitation of surface plasmons via the gra
coupler at smaller angles.

In Fig. 2~c! we plot the reflection spectrum for the lay
structure in which only the silver-air interface is modulate
Here, we obtain the grating coupled plasmon at the silv
quartz surface at 1.40 eV as well as the grating coup
plasmon at the silver-air interface at 1.97 eV. The near fi
in air for \v51.97 eV now shows a standing wave patte
formed by the plasmons propagating in the two opposite
rections along the silver-air surface.The highest field int
sity at the silver-air interface in Fig. 2~d! is 18 instead of 0.4
in Fig. 2~b!, indicating the strong field enhancement that
characteristic of surface plasmons. In quartz, there is a
an interference pattern formed by the incoming and the
rectly reflected wave as well as diffraction orders. The fi
distribution inside the silver shows that now there is stro
coupling between the two surfaces across the thinnest p
of the metal layer.

For obtaining grating coupled surface plasmons at
silver-air interface, it need not necessarily be that interf
that is modulated. A thickness variation of the metal lay
can also be achieved by modulating the silver-quartz in
face. Figure 2~e! shows the calculated reflection spectrum
this case, and as in Fig. 2~c! there is a minimum at 1.97 eV
corresponding to the surface plasmon at the silver-air in
face. Note that the plasmon at the silver-quartz interfac
1.40 eV also appears in the spectrum in Fig. 2~c!, although
the silver-quartz interface was flat in that configuration. T
field distribution in Fig. 2~f! resembles very closely the on
in Fig. 2~d!. The coupling across the metal layer again tak
place across the thin parts of the silver film, and the fi
enhancement at the silver-air interface is even higher.

With a metal layer that has two modulated surfaces th
can be a thickness variation of the metal, if the interfaces
not conformal, for example, if the gratings are shifted aga
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each other by a phase. We consider this case, bec
samples of this type can be fabricated by evaporating si
at an oblique angle onto a dielectric grating. From Fig. 2~g!
we see that the plasmon at the silver-air interface at 1.98
is not as strong as the plasmon at the silver-quartz inter
at 1.40 eV. However, they are both excited via the grat
coupler. The near field for\v51.98 eV and normal inci-
dence is plotted in Fig. 2~h!. In quartz there is the usua
interference pattern of the incident and the reflected wav
The electric field penetrates the silver layer most stron
where the metal layer is thinnest. Because of the phase
between the two surfaces the thinnest part no longer is a
grating valley, but at one corner or edge instead. Correspo
ingly, the interference maxima of the plasmons traveling
opposite directions on the silver-air surface now get shif
from the edges@Fig. 2~d!# to the flat parts of the grating. Th
fact that the field maxima in air are shifted against those
the metal presents no contradiction to the continuity eq
tions of electrodynamics. Taken separately, theEW -field com-
ponent parallel to a surface and the component ofeEW per-
pendicular to it are continuous across each interface. As
exciting the silver-air plasmon on a planar metal film in a
tenuated total reflection, there is an optimal metal thickn
where the plasmon excitation is strongest. Little change
the thickness of the metal layer only change the depth
width of the reflection minimum as well as the field intens
ties. The metal thickness has very little influence on the fi
patterns. They depend on the shape of the grating. Calcul
field distributions and spectra for angles of incidence ot
thanu50o will be shown in Sec. III. Each minimum split
into two for u.0o following the different branches of the
dispersion for surface plasmons on gratings@Fig. 1~c!#.

B. Measurements

We fabricated samples of the type considered in Figs. 2~g!
and 2~h! and measured their reflection spectra. First, by
lographic lithography a photoresist grating was prepared
top of a quartz glass substrate. The grating pattern

FIG. 3. Measured reflection spectra for light incidence atu
51o from the substrate and from the air side for a 600 nm grat
with thickness modulation of the metal layer. The orders of
surface plasmon excitations on the quartz (Q) and on the air (A)
side are indicated.
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PRB 60 4995GRATING COUPLERS FOR SURFACE PLASMONS . . .
etched into the quartz glass by reactive ion beam etching
the photoresist was removed. Then silver was evapor
onto the grating partly at an oblique angle exploring t
shadowing effect of the grating wires and partly at norm
incidence to produce nevertheless a continuous metal la
The average thickness of the silver films was about 50
and the modulation amplitude was 30–35 nm for both s
faces of the metal. Reflection and transmission spectra w
taken with a two axis spectroscopy setup. For geometr
reasons we cannot get reflection spectra at exactly no
incidence. In Fig. 3 we show reflection spectra obtained fr
a sample of grating period 600 nm for light incidence
small angles from the substrate as well as from the air s
The first order grating coupled surface plasmons at
silver-air interfaceA1/21 at about 600 nm not only appea
in the upper spectrum, where the grating has been illu

FIG. 4. Measured reflection spectra for light incidence atu
53o from the substrate side for 800-nm gratings with and with
thickness modulation of the metal layer. The orders of the plasm
are indicated as in Fig. 3.

FIG. 5. Minimum positions from reflection spectra for a
800-nm grating with thickness modulated metal layer for light
cidence from the quartz side. Circles: silver-quartz plasmo
Squares: silver-air plasmons. Triangles: silver-air plasmon exc
in attenuated total reflection beyond the total reflection angle.
inset shows a measurement in finer angular steps of the re
marked by the big circle.
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nated from the air side; they are also present in the lo
spectrum, where light incidence was from the quartz si
Equivalently, the first order grating coupled plasmons at
silver-quartz interfaceQ1/21 around 880 nm are seen i
both spectra. The higher order surface plasmons at the si
quartz interfaceQ1/22 andQ1/23 at wavelengths below
550 nm, clearly pronounced when shining in the light fro
the quartz side, get considerably weaker for illuminati
from the air side. They can still be distinguished in the upp
spectrum as well though.

Figure 4 shows a spectrum obtained from an 800 nm g
ing at an angle of incidenceu53o with illumination from the
quartz side. The first order grating coupled silver-air surfa
plasmonsA1/21 are clearly observed at 756 nm and 8
nm. For this grating period the first order silver-quartz pla
mons are at wavelengths beyond the range of our li
source and detector, but the second order modesQ1/22 are
found around 630 nm and higher order ones between
and 500 nm. For comparison, we also measured the re
tion of an 800 nm grating onto which the silver has be

t
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FIG. 6. Transmission spectra for a 600-nm grating with thic
ness modulated silver film for angles of incidenceu51.9o from the
quartz side and correspondinglyu52.7o from air.

FIG. 7. Reflection spectra for a 600-nm grating for angles
incidenceu52o from quartz andu53o from air.
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FIG. 8. Positions in wave vector and energy of the minima and maxima from transmission spectra of a 600-nm grating in all four
geometries. Numbers 1–4 designate the same configurations as in Fig. 6. Large full circles: ‘‘great maxima.’’ Small full circles:
maxima. Small open circles: minima.
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evaporated perpendicularly only. We verify that silver-
plasmonsA1/21 do not appear for illumination of the gra
ing from the quartz side. Ion beam etching produces sh
edges which the evaporation process will smooth out a lit
However, the absence of the silver-air plasmons in the
flection spectrum confirms that the two interfaces are ne
conformal and there is no significant thickness variation
the metal layer in this sample. The positions of the sec
order silver-quartz plasmonsQ1/22 are shifted a little
against those of the sample with thickness modulation
some of the higher order modes vanish towards small an
of incidence. These effects should be due to the differ
sample geometries, but we do not have detailed explanat
for these peculiarities yet.

For the 800 nm grating with the thickness modulated
ver film the positions in energy and wave vector of the
flection minima are displayed for all angles of incidence
the diagram in Fig. 5. The dispersion branches of the silv
quartz and the silver-air plasmons can clearly be dis
guished by their slope. The steeper ones belong to the
face plasmons on the air side. An interesting region aro
\ckx'0.75 eV and \v'2.25 eV, where dispersion
branches of surface plasmons from both interfaces meet
been measured in finer angular steps and is shown in gre
detail in the inset. There is anticrossing, indicating inter
r
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tion between surface plasmon modes on the same side o
metal as well as between surface plasmons on different s
of the thin metal film. Photonic band gaps open up in t
dispersion of surface plasmons propagating in the direc
perpendicular to the grating wires. The minimum positions
Fig. 5 are gathered from reflection spectra for illuminati
from the quartz side. The silver-air plasmon excited in
tenuated total reflection shortly beyond the total reflect
angle, as for a planar metal film, is observed up to very h
energies. Apart from that, at energies above roughly 2.7
only the surface plasmons on the quartz side are discern
For illumination from the air side the silver-air plasmons c
be tracked down to higher energies than the silver-qu
plasmons. In each case the surface plasmons on the se
interface are weaker than the plasmons on the interface
rectly illuminated by the incident light. The latter domina
at higher energies where the dispersion branches are m
closer to each other. Up to that region, however, we clea
observe surface plasmons on both sides of the thickn
modulated silver films, no matter from which medium th
grating is illuminated. All spectra come out absolutely fl
for s polarization. As surface plasmons can only be exci
in p polarization, this proves that the minima in our reflecti
spectra cannot be caused by diffraction effects, but are
deed due to surface plasmons.
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III. TRANSMISSION SPECTRA

A. Experiments

Transmission spectra for the 600 nm grating with illum
nation from the substrate and from the air side are show
Fig. 6. The shadowing effect during the metal evaporati
which is needed to yield the thickness modulation, produ
an asymmetric grating profile. Thus the two directions
wards which the angle of incidence can be tilted from
grating normal are not equivalent. The two transmiss
spectra obtained with the light incident from the substr
side as well as the two spectra for which the beam was i
dent from the air side are quite different from one anoth
Nevertheless, the four curves plotted in Fig. 6 consist of t
pairs of very similar spectra. In each case these are the
for which the light path has been reversed. The correspo
ing reflection spectra have been plotted for comparison
Fig. 7. The reflection spectra vary according to whether t
have been taken from the glass or from the air side. Ho
ever, there is no significant difference for the two directio
the incident beam can have with respect to the asymme
grating profile. That is, for the two identical reflection spe
tra taken from the substrate side as well as for the two ta
from the air side, the corresponding transmission spectra
not identical. Or, put the other way round, for the one as w
as for the other beam direction with respect to the grat
profile, the zeroth order transmission spectra are almost id
tical, no matter if the light is transmitted from the substra
to the air side or vice versa,9,10 but the corresponding reflec
tion spectra are different for the two sides of the metal.

In the reflection spectra surface plasmons are seen
minima. In transmission they can appear as maxima~e.g.,
Fig. 6, spectrum 2, 600 nm!, as minima~e.g., Fig. 6, spec-
trum 2, 635 nm! or have a Fano-type resonance shape~e.g.,
Fig. 6, spectrum 1, 590 nm!. Certain maxima are strikingly
high and sharp. They shall be designated as ‘‘great maxim
~e.g., Fig. 6, spectrum 1, 645 nm!, although the boundary to
‘‘normal’’ maxima is somewhat arbitrary. Apart from th
continuous rise towards lower wavelengths, all transmiss
spectra come out absolutely flat ins polarization. So we
know that, as for the reflection spectra, all features in
transmission spectra are caused by surface plasmons.
positions of maxima and minima from the transmission sp
tra for the four possible geometries for the 600 nm grat
are shown in Fig. 8. A Fano-shaped resonance in a spec
has been marked as a maximum and a minimum clo
together. The numbers 1–4 stand for the same configurat
as in Fig. 6. Diagrams 1 and 4 as well as 2 and 3, which
pairs belong to the same geometry with only the light p
reversed, are very similar to one another as explained ab
for the spectra in Fig. 6. One also notices that these two p
of diagrams are complementary. At least for the lower or
modes, which can be clearly disentangled in the spec
minima in the two left plots correspond to maxima in the tw
right plots and vice versa. ‘‘Great maxima’’ in the plots o
the left correspond to weaker ones or Fano-type resona
in the plots on the right and vice versa. Another characte
tic feature is that in one diagram minima constitute rising
falling branches but never rising and falling branches in o
and the same of the four plots. That is, if minima belong
positive ~negative! grating orders, they do so for the silve
in
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air and the silver-quartz plasmons. The same does not
true entirely for the ‘‘great maxima.’’ In plots 2 and 3 th
falling branch of the silver-air plasmon starting at 2 eV
seen as a rather strong maximum at lower energies comp
to the other structures in the spectra at larger angles of i
dence. However, the branch is a Fano-type resonance
beyond the crossing with the first order quartz plasmon. T
the general trend is that for the light paths 1 and 4 the fall
branches of the surface plasmon dispersion result in p
nounced maxima in transmission, whereas the ris
branches can even manifest themselves as minima in
spectra. For the light paths 2 and 3 the falling branches
minima or at least weaker maxima than the rising ones. T
complementary behavior of the rising and falling dispers
branches is found for our other samples with thickne
modulated silver layer of different grating periods, too.

B. Calculations

In analogy to Figs. 6 and 7, Figs. 9 and 10 show cal
lated transmission and reflection spectra for small angle
incidence. The numbers refer to the same configuration
in Figs. 6 and 7. The grating period is 600 nm. The distan
between the highest points of the two interfaces of the m
has been set to 50 nm. The modulation amplitude is 35
for the silver-air interface and 30 nm for the silver-qua
interface. The grating profiles of the two interfaces ha
slightly different pitch and they are shifted against each ot
by a phase of 77o (360o corresponds to a whole gratin
period! to achieve the thickness modulation of the metal. T
results are in qualitative agreement with the experiment
transmission the correct surface plasmon modes come o
maxima, minima, or Fano-type resonances, respectiv
Only the slight differences between minima and Fano-sha
resonances are not reproduced very well by the calculati
In the calculated reflection spectra the silver-air plasmons
much weaker than the silver-quartz plasmons for illumin
tion from the quartz side, and the silver-quartz plasmons
much weaker than the silver-air plasmons for illuminati

FIG. 9. Calculated zeroth-order transmission spectra fo
600-nm grating with thickness modulated silver film for angles
incidenceu52o from quartz andu53o from air. Numbers refer to
the same configurations as in Fig. 6. The upper three spectra
been shifted upwards for clearness.
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4998 PRB 60U. SCHRÖTER AND D. HEITMANN
from the air side. In our aim to get grating coupled surfa
plasmons on the interface not facing the incoming light
experimental results are even better than our calculat
predict. The absorption minima from the plasmons on
two sides of the metal are much less differently deep in
measured reflection spectra. Strangely, for the chosen pa
eters the second order quartz modes around 500 nm ar
most absent in the calculated reflection spectra, particul
for illumination from the quartz side~Fig. 10!.

The calculated transmission and reflection spectra for
four possibilities of the light path come in pairs just like th
experimental curves. The two spectra for reflection at
substrate side of the grating are identical as well as the
reflection spectra at the air side. The transmission spe

FIG. 10. Calculated zeroth-order reflection spectra for the sa
parameters as the transmission spectra in Fig. 9. Numbers ref
the same cases as in Fig. 7. The upper curves have been su
sively shifted in the vertical direction.
e
e
ns
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e
m-
al-
ly

e
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tra

depend on the direction the light beam has with respect to
asymmetric grating profile, but they are identical for revers
light paths.

To understand the difference between a mode that app
as a maximum in the transmission spectra and one that
pears as a minimum, in Fig. 11 we plot the field distributio
for the minima at 649 nm and the maxima at 596 nm
spectra 2 and 3 of Fig. 9. As in the corresponding reflect
spectrum the silver-air plasmons are only small absorp
minima for illumination from the quartz side, the field en
hancement at the air side in Figs. 11~a! and 11~b! is not as
strong as in Figs. 2~d!, 2~f!, and 2~h!. The field intensity is
clearly higher though than in Fig. 2~b! where there is no
surface plasmon. The characteristic feature is that, when
silver-air plasmons are excited with the light incident fro
the quartz side, for the mode at 649 nm that occurs a
minimum or Fano-type resonance in the zeroth order tra
mission spectrum there is a field enhancement reach
across the metal in the part protruding into the air@Fig.
11~a!#; a less coarse gray scale would reveal a bottleneck
connection between the bulges on both sides. For the m
at 596 nm that is seen as a maximum in the transmiss
spectrum@Fig. 11~b!# the coupling across the metal take
place not only across the thinnest part, but also across the
part protruding towards the quartz. This correlation betwe
the field distribution and the appearance of a mode in tra
mission is generally fulfilled for incidence angles other th
u50o. Sometimes the modes of the same positive and ne
tive order are both maxima in transmission, but then one
considerably weaker than the other. In this case this mod
much less efficient transmission takes the role of the m
mum. Foru50o the strongest fields in the metal are foun
where the metal is thinnest~see Fig. 2!, which is at one of the
grating edges for our sample geometry. For other angle

e
to

ces-
FIG. 11. Field distributions corresponding to~a! the minimum at 649 nm in spectrum 2 of Fig. 9.~b! The maximum at 596 nm in
spectrum 2 of Fig. 9.~c! The minimum at 649 nm in spectrum 3 of Fig. 9.~d! The maximum at 596 nm in spectrum 3 of Fig. 9.
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incidence the field maximum is shifted to either the flat p
of the grating or additional regions of high electric field st
to occur there.

When the light is incident from the air side, the silver-a
plasmons are excited like they would be on a single mo
lated interface. The field enhancement at this interface
much stronger in this case, of course. The near-field dis
butions in Figs. 11~c! and 11~d! are different from the ones
in Figs. 11~a! and 11~b!. Therefore, it is astonishing that th
respective transmission spectra are identical~Fig. 9!. If the
plasmon excitation is on the first interface directly illum
nated by the incoming light, a correlation between the fi
distribution and the appearance of the plasmon mode
minimum or a maximum in the transmission spectrum
much less evident. The preference for the enhanced field
the metal to occur at the flat part protruding into the air
Fig. 11~c! and at the thinnest part in Fig. 11~d! bears some
faint resemblance to Figs. 11~a! and 11~b!, however. This
suggests that for plasmons on the first interface the rule
mulated in the preceding paragraph for plasmons on the
ond interface has to be reversed: A high electric field in
part of the metal layer nearer to the incoming light for
transmission minimum and in the part farther away from
incoming light for a transmission maximum. From the fie
distributions in quartz one can imagine that there is be
transmission for the plasmon mode at 596 nm@Fig. 11~d!#
than for the one at 649 nm@Fig. 11~c!#, because in Fig. 11~d!
,

e
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t
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there is a field enhancement creeping up the edge11,17 in the
direction of the transmitted beam~see light path 3 in Fig. 9!.

IV. CONCLUSIONS

We have performed calculations and experiments on g
ing coupler induced surface plasmons in the Kretschma
Raether configuration. We find that for excitation of surfa
plasmons on that surface of a thin modulated metal film t
is not directly facing the incident light a thickness modu
tion of the metal layer is required. A metal film of uniform
thickness, however modulated, is not sufficient for this p
pose. In principle, there are different ways of achieving
thickness variation of the metal layer. One can modulate
one of the two surfaces or modulate both and shift the g
ings against each other. Samples of the last kind have b
prepared and investigated spectroscopically in reflection
transmission. In the reflection spectra the surface plasm
are seen as minima. In transmission some modes occu
minima or Fano-shaped resonances, while others appea
maxima. This behavior is correlated to the field distributi
inside the metal layer.
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