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Optical properties of ridge gratings for long-range surface plasmon polaritons �LRSPPs� are analyzed theo-
retically in a two-dimensional configuration via the Lippmann-Schwinger integral equation method. LRSPPs
being supported by a thin planar gold film embedded in dielectric are considered to be scattered by an array of
equidistant gold ridges on each side of the film designed for in-plane Bragg scattering of LRSPPs at the
wavelength �1550 nm. Out-of-plane scattering �OUPS�, LRSPP transmission, reflection, and absorption are
investigated with respect to the wavelength, the height of the ridges, and the length of the grating. Particular
attention is paid to the fraction of the LRSPP power lost due to the OUPS. We find an asymmetry in the OUPS
spectra in the vicinity of the band gap and relate this asymmetry to that observed in the transmission spectra.
It is found that in order to maximize a reflection peak it is preferable to use longer gratings with smaller ridges
compared to gratings with larger ridges, because the former result in a smaller OUPS from the grating facets
than the latter. The theoretical analysis and its conclusions are supported with experimental results on the
LRSPP reflection and transmission by ridge gratings. For comparison, a few calculations are also presented for
surface plasmon polariton �SPP� scattering by ridge gratings, a configuration which corresponds to the LRSPP
case with a very thick film. We found that, in this case, it is less attractive to use long gratings due to higher
propagation loss and stronger confinement of SPPs in comparison with LRSPPs.
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I. INTRODUCTION

Surface plasmon polaritons �SPPs� are electromagnetic
waves that propagate along and are bound to metal-dielectric
interfaces.1 Metal-dielectric interfaces represent an interest-
ing alternative to dielectric waveguides for planar optical
components. However, due to the requirement of low loss for
optical devices, in particular for telecommunication, it is of
interest to reduce the appreciable propagation loss of SPP
waves by replacing the metal-dielectric interface with a thin
metal film2,3 or a thin metal stripe4–6 embedded in a dielec-
tric. The thin metal films and stripes may support guided
waves with a much lower propagation loss compared to SPP
waves, and these waves are therefore referred to as long-
range surface plasmon polaritons �LRSPPs�. The cost of
achieving the low propagation loss is that LRSPPs are more
loosely bound than SPPs, which results in less absorption by
the metal.

Microstructuring of planar metal surfaces has been pur-
sued experimentally7–18 and theoretically19–28 by a number of
researchers with the idea that such structures can be used to
manipulate and control the propagation of light in the plane.
This includes using a periodic surface microstructuring of
metal interfaces and films to create a structure exhibiting a
band gap for �LR�SPP waves, i.e., a wavelength interval
where propagation of �LR�SPPs in the structure is inhibited.
Such microstructured metal films and metal-dielectric inter-
faces have been referred to as �LR�SPP band gap �BG� struc-
tures. This research was largely inspired and influenced by
the progress and ideas in the field of planar dielectric photo-
nic crystal structures.29–31 There exist, however, important
differences between these configurations.

A surface microstructure will cause not only the in-plane
radiation scattering, i.e., the �LR�SPP-to-�LR�SPP scattering.

Part of the �LR�SPP power will be lost due to scattering into
electromagnetic waves propagating away from the surface
plane. Important issues for such planar �LR�SPP-based mi-
crostructures are then related to the out-of-plane scattering
�OUPS� efficiency and the influence of OUPS on such char-
acteristics as reflection and transmission of surface waves,
especially for BG structures. These are the issues that will be
addressed in the present paper concentrating on ridge grat-
ings for LRSPPs. Dielectric grating structures resembling the
metallic gratings considered in this paper have been studied
in Refs. 32 and 33.

The paper is organized as follows. In Sec. II, the consid-
ered ridge gratings for LRSPPs are described, and the nu-
merical method that we use to model the optical and plas-
monic properties of the gratings is presented. Numerical
results obtained for various LRSPP gratings are shown and
discussed in Sec. III. Corresponding experimental measure-
ments of LRSPP reflection and transmission are also pre-
sented in this section and compared with our simulations
verifying the theoretical approach used and supporting the
conclusions reached. In Sec. IV, for comparison, a few cal-
culations are presented for SPP gratings corresponding to
using a very thick gold film. The results obtained and the
overall conclusions are summarized in Sec. V.

II. LRSPP GRATINGS AND NUMERICAL METHOD

The configuration of LRSPP gratings considered in this
paper is illustrated in Fig. 1. The grating consists of a thin
gold film of thickness d, and on each side of the film is
placed an array of gold ridges of height h, width W, and
spacing �. The gold film and ridges are surrounded by a
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polymer with refractive index 1.543. We will use a two-
dimensional �2D� model where the grating structure and the
electromagnetic fields are treated as being invariant along the
z axis, and propagation of electromagnetic waves occurs in
the xy plane only. The thin gold film works as a waveguide
for two types of waves, namely LRSPPs with a relatively
small propagation loss, and short-range surface plasmon po-
laritons �SRSPPs� with a very large propagation loss. For
both LRSPPs and SRSPPs the propagation loss is due to
absorption by the gold. The two types of waves have differ-
ent symmetry across the center of the metal film, and the
reason for placing ridges on both sides of the gold film is that
then we avoid scattering from LRSPPs into SRSPPs for sym-
metry reasons. In the remainder of the paper we shall there-
fore not be concerned with SRSPP waves. Throughout the
paper we will use the ridge width W=230 nm and the period
�=500 nm, where the latter was chosen to give reflection of
LRSPPs for wavelengths around 1550 nm. For LRSPP grat-
ings we will use d=15 nm, and ridge heights h in the range
10–30 nm.

We are interested in a situation where a LRSPP wave is
propagating along the metal film from the left-hand side
�along the positive x axis in Fig. 1�. As the wave is incident
on the region with the ridges, i.e., the grating, there will be
reflection into backwards traveling LRSPP waves, transmis-
sion through the grating into LRSPP waves, and losses re-
lated to out-of-plane scattering and absorption by the gold
ridges �and gold film�. These optical properties, reflection,
transmission, out-of-plane scattering �OUPS�, and absorption
can be analyzed theoretically via the Lippmann-Schwinger
integral equation

E�r� = E0�r� +� G�r,r��k0
2���r�� − �ref�r��� · E�r��d2r�.

�1�

In Eq. �1� E0 is the electric field of the incident LRSPP wave
propagating along the thin metal film. E0 is a field solution in
the case when there are no ridges. The incident field used in
the numerical calculation is given by the expressions

E0�r� = E0ei�xxei�yy�ŷ − x̂
�y

�x
�, y � 0, �2�

E0�r� = E0ei�xxA��ŷ − x̂
�y2

�x
�ei�y2y

+ �ŷ + x̂
�y2

�x
�e−i�y2�y+d��, − d � y � 0, �3�

E0�r� = E0ei�xxe−i�y�y+d��ŷ + x̂
�y

�x
�, y � − d . �4�

The wave vector components �x, �y, and �y2 must satisfy
�x

2+�y
2=k0

2�BCB, �x
2+�y2

2 =k0
2�Au, where �BCB is the relative di-

electric constant of the background polymer material benzo-
cyclo-butene, and �Au is the relative dielectric constant of
gold,35 and A=�y / 	�y2
1−exp�−i�y2d���. The sign of �y is
chosen such that the field magnitude decays exponentially
away from the metal film. The LRSPP mode index �x /k0 is
obtained by solving the dispersion equation for LRSPP
waves �resulting from the boundary conditions at the film
interfaces� given in, e.g., Ref. 3. x̂ and ŷ are unit vectors
along the direction of the x axis and y axis, respectively.

As a result of scattering and absorption by the ridges, the
electric field is modified so that the resulting total field is E.
�ref is the dielectric constant of the thin metal film without
the ridges, and � is the dielectric constant of the total struc-
ture including the ridges. The difference term ��−�ref� is the
modification made to the thin film structure by the presence
of the ridges. k0 is the free-space wave number, G is the 2D
dyadic Green’s tensor for the thin-film structure without the
ridges, and r ,r� are position vectors. The Green’s tensor was
obtained via Sommerfeld integrals similar to Ref. 34. G is
equivalent to the electric field generated in the thin film
structure by a line source. Note that G also depends on the
wavelength considered, the thickness d, and the �wavelength-
dependent� dielectric constants of the materials involved in
the thin-film structure. The dielectric constant for gold vs
wavelength is given in Ref. 35. Reflection and transmission
are evaluated from the scattered field and total field, respec-
tively, at positions close to the film surface but far from the
grating, so that the field related to out-of-plane propagating
waves is negligible. The out-of-plane scattering is calculated
by integrating the angular spectrum of scattered light in the
far field zone. The method is very general and can be applied
to many other kinds of ridge shapes, e.g., ridges with
rounded corners, triangles, etc. The choice of ridge shape
used here was chosen to make the structures comparable to
structures that have been experimentally realized.14,15

III. ANALYSIS OF THE OPTICAL PROPERTIES OF LRSPP
GRATINGS

Figure 2 shows a calculation of the optical properties re-
flection, transmission, and out-of-plane scattering, for three
LRSPP gratings. The three gratings all have the same ridge
height h=10 nm but different lengths given in number of
ridges N=80, 160, and 320. The figure shows the fraction of
the power of the incident beam that goes into the reflected
LRSPP wave �thin solid line: R�, the transmitted LRSPP
wave �thin dashed line: T�, and the fraction going into out-
of-plane scattering �thin dotted line: OUPS�. We have also
found it useful to plot the total power going into the in-plane
waves �thick solid line: R+T�, and the sum of reflection,
transmission, and out-of-plane scattering �thick dashed line:
R+T+OUPS�. From the latter curve we may deduce the loss
due to absorption by the gold which is 1− �R+T+OUPS�. In
the top of Fig. 1 we consider a rather short grating with only

FIG. 1. �Color online� Schematic of a long-range surface plas-
mon polariton grating. The position y=0 corresponds to the upper
surface of the thin gold film of thickness d.
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80 periods. A reflection peak is observed for wavelengths
around 1550 nm, and a corresponding dip in transmission is
seen for the same wavelength. The wavelength range of the
reflection peak/transmission dip is the band-gap range of
wavelengths for the grating. We notice that for wavelengths
longer than the band gap, the transmission is slightly higher
than is the case for wavelengths shorter than the band-gap
range of wavelengths. The out-of-plane scattering is, how-
ever, behaving opposite, as here OUPS is larger for wave-
lengths shorter than the band gap compared to OUPS for
wavelengths longer than the band gap. In fact we may at-
tribute the asymmetry in the transmission across the band
gap to the behavior of the out-of-plane scattering. Notice that
the absorption loss �1−R−T−OUPS� only amounts to a few
percent and is not very sensitive to the wavelength. In the
middle part of Fig. 2 we have shown the result for twice the
grating length �N=160 ridges�. Now the reflection peak and
transmission dip are more pronounced, and the out-of-plane
scattering has increased for all wavelengths, but the increase
is larger for wavelengths shorter than the band gap, and con-
sequently the asymmetry in transmission across the band gap
is larger. Notice that there is a very small peak in R+T
+OUPS for wavelengths in the band-gap region, meaning
that the absorption loss is smaller for wavelengths in the
band gap. This is in accordance with the fact that when
propagation of light �or LRSPPs� in the grating is inhibited
the overlap between the ridges and the field will be smaller,
and this leads to less absorption by the gold. If we once more
double the number of ridges to N=320 we get the result at
the bottom of Fig. 2. Notice that compared to N=160 the
OUPS has only increased for wavelengths shorter than the
band gap. For wavelengths longer than the band gap the
OUPS has not changed much. In fact, for wavelengths longer
than but close to the bandgap the OUPS has even decreased.
Notice also that the decrease in absorption loss for wave-
lengths in the band gap becomes more pronounced as we

increase the length of the grating. For the longer gratings
there will for all wavelengths be a contribution to OUPS
related to the facets of the grating, or coupling in and out of
the grating.

For a fully periodic structure, i.e., a grating with number
of ridges N=�, the field can be expanded in Bloch modes of
the form E�r�=Ukx

�r�eikxx, where Ukx
�r� is a periodic func-

tion with the same periodicity � as the grating structure. If
we ignore the absorption by the metal, the relationship be-
tween the Bloch wave number kx and the normalized fre-
quency � /	 �	 is the wavelength� can be illustrated with the
schematic in Fig. 3. The shaded continuum corresponds to
the combinations of Bloch wave number and frequency that
are allowed in the polymer material in the absence of the
metal structure, i.e., the shaded continuum represents the
out-of-plane propagating waves. The discrete band shown
below the continuum represents a Bloch mode bound to and
propagating along the metal structure. In this case there is no
leakage of light into out-of-plane propagating waves. How-
ever, the part of a discrete solid line located inside the shaded
continuum should be interpreted as a resonance. This is not a
mode being truly bound to the metal structure. In this case
light will be coupled to out-of-plane propagating waves. No-
tice that the bands in Fig. 3 have been folded into the first
Brillouin zone. A consequence of this folding of bands is that
for wavelengths shorter than 2�nBCB=1543 nm there are no
truly bound modes available, only resonances. On the other
hand, for wavelengths slightly larger than 2�nBCB there will
be the discrete band of truly bound modes with no leakage of
light into out-of-plane propagating waves. For a very weak
grating the band gap will be located around the wavelength
	=2�nLRSPP, where nLRSPP is the mode index ��x /k0� of the
LRSPP wave existing in the absence of the ridges. The index
nLRSPP can be calculated using, e.g., the method of Ref. 3, by
using the present gold film thickness �15 nm�, the gold di-
electric constant tabulated in Ref. 35, and the dielectric con-
stant of the polymer, which for the wavelengths 1500 nm to
1600 nm results in the real part of the mode index being in
the range from 1.5448–1.5446, resulting in a band gap
around 	=1545 nm. As the strength of the grating increases

FIG. 2. Reflection �R�, transmission �T�, and out-of-plane scat-
tering �OUPS� for LRSPP gratings with a 15 nm gold film and N
=80, 160, and 320 gold ridges of height h=10 nm, width W
=230 nm, and spacing �=500 nm. The gold film and ridges are
surrounded by a polymer with refractive index 1.543.

FIG. 3. �Color online� Schematic of the bandstructure for a fully
periodic LRSPP grating �number of ridges N=�.� The shaded con-
tinuum corresponds to out-of-plane propagating waves, i.e., combi-
nations of frequencies �� /	� and in-plane Bloch wave numbers �kx�
that are allowed in the polymer material in the absence of the me-
tallic structure. The solid line below the continuum represents a
Bloch mode bound to and propagating along the grating structure.
The part of the solid line inside the shaded continuum should be
interpreted as a resonance due to leakage of light into out-of-plane
propagating waves.
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beyond the limit of very weak gratings the short-wavelength
band-gap edge will remain close to 	=1545 nm, whereas the
long-wavelength band-gap edge shifts to longer wavelengths.
These considerations explain that there will be efficient out-
of-plane scattering in Fig. 2 for 	�1543 nm, at least, and
that the out-of-plane scattering for these wavelengths in-
creases with the length of the grating. We can also under-
stand that for wavelengths slightly larger than 1543 nm out-
of-plane scattering can be small due to the existence of
leakage-free Bloch waves of the fully periodic grating struc-
ture. For structures with real dielectric constants �no ohmic
losses� it is possible to calculate the density-of-states �DOS�
of the leaky modes of a grating of infinite length,36 and from
the DOS estimate their lifetime. In our case the situation is
more complex due to out-of-plane scattering resulting from
coupling light into and out from the grating, and due to
ohmic losses.

Figure 4 shows a similar calculation for gratings with
ridge height h=20 nm. If we compare the peak reflection for
different lengths of the grating with the h=10 nm case we
notice that the reflection is higher for N=80 ridges, approxi-
mately the same for N=160, and significantly smaller for
N=320. Naturally for very short gratings it helps to increase
the size of the ridges. However, the OUPS loss from the
facets related to coupling light in and out of the grating will
be larger in the case h=20 nm, and this loss will ultimately
limit the maximum reflection that can be achieved. For h
=20 nm it is seen that the peak reflection does not change
much when doubling the grating length from N=160 to N
=320. For N=320 and wavelengths shorter than the band gap
practically all light is lost to either absorption or OUPS. We
should also notice for N=160, 320 �h=20 nm� that it is no
longer easy to identify a single clear transmission dip reveal-
ing the precise location of the band gap, whereas the band
gap is easily identified from the reflection peak. A similar
effect has been seen for two-dimensional surface plasmon

polariton gratings.24 For wavelengths longer than the band
gap the OUPS is here significantly smaller for N=320 than
for N=160. In this case there is a significant influence from
the absorption of the light, which results in less light reach-
ing the other end of the grating, which consequently results
in less OUPS from the second facet.

Figure 5 shows field magnitude images for a LRSPP grat-
ing with ridge height h=20 nm and N=320 ridges. The field
magnitude is shown for a wavelength shorter than the band
gap �1530 nm�, a wavelength in the band gap �1550 nm�,
and a wavelength longer than the band gap �1570 nm�. For
each of the three parts of the figure, the x axis �first axis� is
the position along the grating, and the y axis �second axis� is
the height above the grating starting from y=300 nm above
the gold film and going up to y=60 
m above the film. The
white dashed lines indicate beginning and end of the grating
on the film surface. In all cases the incident LRSPP is propa-
gating along the positive x axis, and from the figure for the
wavelength 	=1570 nm we notice that most of the out-of-
plane scattering originates from the first facet of the grating
at x=0. It is possible to see that some OUPS also occurs at
the second grating facet �x=160 
m� although it is a weak
effect. For the wavelength in the band gap �	=1550 nm� it is
seen from the figure that practically all the out-of-plane scat-
tering originates from the region around the first facet. No
scattering is observed to originate from the second facet. The
situation changes, however, for the case of the wavelength
shorter than the band gap �	=1530 nm�. Here the OUPS no
longer originates mainly from the first facet. Instead it origi-
nates mainly from the interior of the grating region. Note that
not much light is scattered directly upwards. This can be
understood by noting that the incident field is dominated by
its y component. The average total field E over a ridge is
therefore mainly oriented along the y axis. It follows from
the form of the Green’s tensor G and Eq. �1� that for a field
inside the ridge oriented along the y axis there will be no
scattering in the direction of the y axis. This is similar to the
case of a dipole �antenna� not emitting light in the direction
of the polarization of the dipole. The effect is also seen in the

FIG. 4. Reflection �R�, transmission �T�, and out-of-plane scat-
tering �OUPS� for LRSPP gratings with a 15 nm gold film and N
=80, 160, and 320 gold ridges of height h=20 nm, width W
=230 nm, and spacing �=500 nm. The gold film and ridges are
surrounded by a polymer with refractive index 1.543.

FIG. 5. Electric field magnitude versus height above and posi-
tion along a LRSPP grating with 320 ridges of height 20 nm. The
field magnitude is shown for three wavelengths, 	=1530 nm
��bandgap�, 	=1550 nm �in bandgap�, and 	=1570 nm
��bandgap�.
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case of scattering of a p-polarized plane wave incident on,
e.g., a planar interface between two dielectric media. At the
Brewster angle there is no reflection, which is due to the
orientation of the electric field in the transmitting medium
coinciding with the direction that the reflected wave must
propagate.

From Fig. 5 it is not so easy to see the exponential field
decay right at the surface for the wavelength in the band gap,
which is in part because of a gray scale that enhances very
small field magnitudes. Therefore we have in Fig. 6 plotted
the electric field magnitude at the constant height above the
gold film y=300 nm for the wavelength 1550 nm along the
grating. Here the inhibition of propagation of the LRSPP is
easily seen from the decay of the field magnitude envelope
with x into the grating �the black filled regions contain very
rapid oscillations in field magnitude with x�. The small in-
crease of the field magnitude for x�160 
m is due to dif-
fraction.

We will finish this section by comparing theoretical re-
sults with a few experimental results, and show that the theo-
retically predicted effects are also seen in experimental mea-
surements. In previous work14 a comparison between theory
and experiment was made for the case of ridge height 10 nm.
In Figs. 7 and 8 we present both theoretical and experimental
results of transmission and reflection for ridge heights rang-
ing from 5 to 30 nm for a grating with 160 periodically
placed gold ridges on each side of a 15 nm gold film �similar
to the gratings described above�. The experimental samples,
the fabrication, and the measurements were similar to Ref.
14 except for the differences in ridge height. Notice that the
reflection peak �Fig. 7� increases in width with ridge height h
although the effect is less pronounced in the experiment. The
short-wavelength edge of the band gap stays at approxi-
mately the same wavelength, whereas the long-wavelength
band-gap edge shifts to longer wavelengths with h. This has
also been observed theoretically for 2D arrays of surface
scatterers.22,24 In both theory and experiment it is seen that
when we go from h=20 nm to h=30 nm the maximum re-
flection decreases �which we know is a consequence of out-

of-plane scattering in the theoretical calculation�. The trans-
mission curves �Fig. 8� show that also in the experiments
higher transmission is observed on the long-wavelength side
of the band gap compared to wavelengths shorter than the
band gap. For all ridge heights considered, the band gap is
easily identified from Fig. 7 as the range of the reflection
peak. However, for the ridge height h=30 nm it has become
more difficult to identify the band gap from transmission
curves because the transmission on the short-wavelength side
of the band gap can be comparable to or even smaller than
the transmission in the band-gap range of wavelengths. For
large ridge heights the transmission spectra become consid-
erably more complicated than having just a dip for a band-
gap range of wavelengths because coupling in and out of the
grating, out-of-plane scattering, and absorption can result in
very low transmission also for wavelengths well outside the
band gap. This has also been observed theoretically for 2D
SPP gratings.24

FIG. 6. Electric field magnitude versus position along a LRSPP
grating with 320 ridges of height 20 nm. The fixed height y
=300 nm above the gold film is considered. The wavelength is 	
=1550 nm �in the bandgap�.

FIG. 7. Theoretical and experimental reflection spectra for LR-
SPP gratings with N=160 ridges for the ridge heights h=5, 10, 20,
and 30 nm.

FIG. 8. Theoretical and experimental transmission spectra for
LRSPP gratings with N=160 ridges for the ridge heights h=5, 10,
20, and 30 nm.
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When comparing the theoretical and experimental curves
for reflection �Fig. 7� we notice that the theoretical width of
the band gap is slightly larger compared to the experimental
observation. This might be a consequence of surface rough-
ness in the experimental structures compared to the rectan-
gular structure used in the calculation. Such imperfections in
a grating structure would lead to a reduction in the width of
the band gap. Concerning the theoretical and experimental
transmission curves �Fig. 8� for the height 30 nm there are
several qualitative similarities. First of all there is an increase
in transmission with wavelength up to the wavelength
1540 nm. Above this wavelength the transmission decreases
with wavelength until we reach the upper-wavelength band-
gap edge �this edge can be identified from Fig. 7�. At this
wavelength, a sharp increase in transmission occurs after
which the transmission for the rest of the spectrum remains
at a value being significantly higher than any previous value
for the transmission. Note that, as was the case for the re-
flection data, the upper-wavelength band-gap edge is shifted.
Apart from this shift there is overall agreement between the
main features of the theoretical and experimental curves.

IV. OPTICAL PROPERTIES OF SURFACE PLASMON
POLARITON GRATINGS

The calculations in this section are similar to those in Sec.
III with the exception that the structures considered here
have an infinitely thick metal film �d= � �. In this case a
single metal-dielectric interface supports the surface waves
known as surface plasmon polaritons �SPPs�. We no longer
refer to these waves that propagate along a single metal-
dielectric interface as long-range waves, since the propaga-
tion length is significantly shorter due to increased ohmic
losses related to absorption by the metal compared to the
case of a thin gold film. The SPPs of a metal-dielectric in-
terface are, however, more strongly bound than the LRSPPs
of a thin metal film. For more strongly bound surface waves
we may expect that the scattering from a single ridge will be
more efficiently channeled into surface waves, such that the
fraction of scattered light going into surface waves is larger
compared to the total scattering including out-of-plane
propagating waves.37 As a result of having more strongly
bound waves ridges of the same size will cover a larger
fraction of the power cross section of the surface waves, and
consequently we may expect the total scattering from a
single ridge, including out-of-plane scattering, to be signifi-
cantly larger. In this section we will investigate how the op-
tical properties of SPP gratings are different compared to
LRSPP gratings due to the increased propagation loss and
stronger mode confinement.

The mode index for the SPP wave �x /k0=nSPP is 1.562 for
the wavelength 1550 nm, which for very weak gratings leads
to a band gap at wavelengths 	
2�nSPP=1562 nm. Calcu-
lations of the optical properties for SPP gratings with ridge
height h=10 nm and number of ridges N=40 and 160, re-
spectively, are shown in Fig. 9. It is interesting that it is
possible to achieve more than 40% peak reflection with only
N=40 ridges. In order to achieve a similar reflection with the
LRSPP gratings �h=10 nm� we will need 160 ridges. The

loss due to absorption for SPP gratings �1−R−T−OUPS� is,
however, also 3–4 times larger depending on the wavelength.
For the SPP grating with 160 ridges the peak reflection may
approach 60%. For wavelengths longer than the band gap,
the transmission is here below 20%, which is mainly due to
an absorption of more than 80%. For wavelengths shorter
than the band gap, the grating scatters efficiently out of the
plane such that the loss due to OUPS is approximately 40%,
and still more than 50% is lost due to absorption. If we
increase the length of the grating further we do not obtain
any significant improvement of the peak reflection. The peak
reflection obtained with long LRSPP gratings with same
ridge height �h=10 nm� and N=320 is higher than the maxi-
mum achievable reflection for the SPP grating. We may con-
clude that short SPP gratings will reflect more efficiently
than short LRSPP gratings. However, the maximum achiev-
able reflection will be higher when using long LRSPP grat-
ings due to the smaller OUPS from the grating facets and the
smaller absorption losses.

In Fig. 10 we consider SPP gratings with ridge height h
=20 nm and the lengths N=40 and 160. Here the reflection
with 40 ridges and 160 ridges is approximately 60% in both
cases, such that a reflection better than 60% is not possible.
The only effect of increasing the length beyond 40 periods is
an increased absorption loss. We notice here that the smaller
ridges �h=10 nm� did not make it possible to obtain any
significantly larger reflection than what was possible with the
larger ridges �h=20 nm� since it saturates at approximately
60%. This was different for the LRSPP gratings where a
higher peak reflection was possible when using small ridges
�h=10 nm� and long gratings �N=320� compared to using
larger ridges �e.g., h=20 nm�. The reason why higher reflec-
tion is not achieved here with the small ridges is the higher
propagation loss related to absorption by the gold, which
makes long gratings less attractive due to the associated long
propagation distances in the grating with associated large
absorption losses.

V. CONCLUSION

Optical properties of ridge gratings for LRSPPs have been
studied theoretically by making use of the Lippmann-

FIG. 9. Reflection �R�, transmission �T�, and out-of-plane scat-
tering �OUPS� for SPP gratings with N=40 and 160 gold ridges of
height h=10 nm.
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Schwinger integral equation method, paying special attention
to the process of OUPS. We considered the configuration
with LRSPPs that propagate along a gold film embedded in
dielectric and interact with a grating �designed for the BG
wavelength of �1550 nm� consisting of an array of gold
ridges on each side of the film. The OUPS was found to be
noticeably stronger for wavelengths shorter than the BG
wavelength as compared to that for longer wavelengths, with
the difference increasing with the grating length. The asym-
metry in the OUPS with respect to the BG wavelength ac-
counts for the fact that the transmission through LRSPP grat-
ings is higher for wavelengths longer than the BG
wavelength as compared to shorter wavelengths.14,15 This
asymmetry is related to the occurrence of out-of-plane LR-
SPP diffraction by the grating for wavelengths shorter than
the BG wavelength. Note that, for all wavelengths, part of
the OUPS loss takes place at the grating facets during cou-
pling in and out of the grating of the LRSPP. Our calcula-
tions have also shown that the absorption loss decreases for
wavelengths within the BG due to shorter LRSPP penetration
in the grating and, consequently, smaller overlap between the
field and the gold ridges. The largest reflection was found
when using smaller ridges and longer gratings rather than
gratings with larger ridges, since this reduces the OUPS re-
lated to the LRSPP coupling in and out of the grating. We
have concluded, therefore, that the maximum peak reflection

that can be achieved is ultimately limited by the �inherent�
LSRPP propagation loss related to absorption by the film.

Field magnitude calculations were presented illustrating
the OUPS for three different wavelengths being shorter,
within, and longer than the BG. In the latter two cases, the
OUPS was seen to originate mainly from the first facet of the
grating, whereas, in the first case, it was observed that OUPS
originated to a large extent from the interior of the grating
region, as the grating efficiently couples to out-of-plane
propagating waves.

Experimental measurements being in qualitative agree-
ment with the theoretical calculations showed that, for LR-
SPP gratings with 160 ridges, the reflection peak decreases
as the height of the ridges increase above a threshold
��20 nm�. This is a direct consequence of the increase in the
OUPS from the grating facets for larger ridges. The mea-
sured transmission spectra also exhibited asymmetry with
respect to the BG wavelength, i.e., higher transmission was
observed for wavelengths longer than the BG wavelength, a
remarkable feature which has been established and ac-
counted for in our theoretical analysis.

Finally, for SPP ridge gratings, corresponding to the case
of a very thick gold film, it was found that longer gratings
with smaller ridges �10 nm high� did not result in a higher
SPP reflectivity as compared to that from shorter gratings
with larger ridges �20 nm high�. Contrary to the case of LR-
SPP gratings, it is, therefore, less attractive to use long �SPP�
gratings due to higher propagation loss and stronger confine-
ment of SPPs in comparison with LRSPPs.

Note added. When the manuscript was prepared for the
submission we have learned of a paper by Sánchez-Gil and
Maradudin38 dealing with SPP gratings made of Gaussian
shaped ridges, though neglecting the radiation absorption.
The authors have calculated transmission and reflection spec-
tra that are quite similar to those presented here 
cf. Figs. 9
and 10 from this paper and Fig. 2 of Ref. 38� and also re-
marked on the increase of the OUPS for larger ridges.
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