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Gap plasmon-polariton (GPP) nanoresonators based on a metal nanostrip separated with a small gap from a
metal surface or metal block are considered. Scattering resonances and field enhancements are studied for
two-dimensional structures using the Green’s-function surface integral equation method (GFSIEM). For small
gaps, we show that the scattering resonances occur due to the constructive interference of counterpropagating
GPPs, forming standing waves. By varying the gap size we find that the resonance wavelength can be tuned
over a wide range of wavelengths, which makes the resonators interesting for spectroscopic and sensing
applications, and observe the transition between GPP-based resonators (for narrow gaps) and slow surface
plasmon-polariton (SPP) strip resonators (for wide gaps). Considering the resonant field distributions, we find
that, for an insulator thickness of 10 nm, the maximum field enhancement (with respect to the incident field)
can reach values close to 50 along the line passing through the gap center. For the case of a strip placed close
to a metal surface, two scattering channels, viz., the out-of-plane scattering and the scattering into SPPs
(propagating along the surface) are evaluated separately using a generalized version of the GFSIEM. We find
that, even though the out-of-plane scattering is in general dominating in the considered range of parameters,
scattering into SPPs can be very efficient for smaller gaps featuring a cross section that at resonance even
exceeds the strip width. The considered properties of GPP nanoresonators, i.e., resonant scattering and local-
field enhancements along with efficient scattering into SPPs, hold promises for their useful applications within

plasmonic sensing devices.
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I. INTRODUCTION

Metallic nanorods, nanowires, and nanostrips have re-
cently attracted a great deal of attention in the design of
optical resonators and optical antennas'~?* because they
show strong resonant enhancement in light scattering or ex-
tinction and also because of the possibility of strong electro-
magnetic field-enhancement effects in the near-field region
of the structures. Especially gaps between adjacent metal
nanostructures allow for very high fields and localization of
light way beyond the diffraction limit.>!'6-!822.23 These prop-
erties make metallic nanostructures interesting for sensing
and spectroscopic purposes.’*

Composite metal nanostructures support super plasmon-
polariton (PP) modes, which in some cases can become more
localized and more strongly bound than regular surface plas-
mon polaritons (SPPs).>>2¢ An example of such a highly lo-
calized PP mode is the gap plasmon-polariton (GPP) mode
between two metal surfaces. In this paper, we are particularly
interested in what happens when a metal strip is placed close
to a metal surface. In such a configuration a GPP mode can
be formed in the gap, and similar to resonances of metal
strips and slow SPP strip modes,'*!>%° scattering resonances
of the strip-surface configuration can be related to the GPP
mode. We analyze two different configurations: one where
the metal surface is of finite width (a metal block) and one
where the width of the metal surface is infinite, configura-
tions (a) and (b), respectively (Fig. 1). Coherent presentation
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of these configurations, showing also the link to (individual)
nanostrip resonators,'*!> is one of the goals of this paper.
Another goal is to consider the usage of configuration (b),
where light can be scattered both out of the surface plane and
into SPPs that propagate along the surface, for launching of
SPPs. The directional (left and right) SPP excitation is evalu-
ated using the generalized version of the Green’s-function
surface integral equation method (GFSIEM) we presented in
Ref. 27.

In the latter context, it should be noted that scattering into
SPPs is a subject of great interest in plasmonics, and many
different configurations have been considered for local SPP
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FIG. 1. The two GPP resonators analyzed. (a) A plane wave
propagating in the xy plane is scattered by a lossy metal strip of
thickness ¢ and width w placed at a distance d from a lossy metal
surface of width w. The metals are surrounded by I, a lossless
dielectric medium. (b) The situation is the same as in (a) except for
the width of the surface, which is infinite.
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excitation, e.g., SPP launching through an array of
nanoholes,”® through a subwavelength slit supplemented
with a periodic set of grooves® or by a surface protrusion
defect in the form of a particle or a single ridge,’® as well as
by a periodic set of those.?! The efficiency of SPP excitation
for some configurations has been evaluated both experimen-
tally and numerically.?!*> A very recent study of SPP excita-
tion by a single subwavelength hole in a gold film* revealed
an efficiency of up to 28%. Note though that this is the value
normalized with respect to the power incident onto the hole
area, implying that the corresponding scattering (into SPPs)
cross section is smaller than one-third of the hole area.
This paper is organized as follows. In Sec. II, the resona-
tor structures and the theoretical method used in the numeri-
cal analysis are presented. Section III presents the results. We
start with a brief discussion of the GPP mode. Hereafter we
present the numerical analysis of the two GPP-based nan-
oresonator configurations (Sec. III A and Sec. III B, respec-
tively). This is followed by the conclusion in Sec. I'V.

II. STRUCTURES AND METHOD
A. Structures

The GPP resonators that we investigate consist of lossy
metals ) surrounded by lossless dielectrics I' (Fig. 1). The
optical properties of the metals are characterized by a
complex-frequency-dependent dielectric constant &g, and the
dielectric is characterized by a real-frequency-independent
dielectric constant e. The problem is reduced to two dimen-
sions by considering both the structure and fields invariant
under translation along the z axis, which is out of the paper.
The situation that we analyze is the scattering of a mono-
chromatic p-polarized plane wave propagating in the xy
plane. p polarization is chosen because plasmons are p po-
larized. Two different GPP-based resonator configurations
are analyzed (Fig. 1).

In configuration (a), a plane wave is scattered by a metal
strip of thickness ¢ and width w placed at a distance d from a
metal surface of width w. In configuration (b), the width of
the metal surface is infinite.

B. Method

The numerical analysis of the two configurations (Fig. 1)
is performed using the GFSIEM which is an appropriate and
efficient method for the analysis of two-dimensional scatter-
ing problems in open infinite domains.?’-3*34 This is prima-
rily because the GFSIEM only involves integrals over the
boundary of the scatterers as the radiating boundary condi-
tions are satisfied through an appropriate choice of Green’s
function and, secondarily, because the GFSIEM allows for a
good description of the metal surfaces. The latter is impor-
tant since we are particularly interested in SPPs and GPPs,
which have field maxima at the metal surfaces. As we con-
sider p polarization [H(r)=H(r)Z] it is convenient to formu-
late the surface integral equations by means of the magnetic
field as this yields scalar equations. The standard scalar sur-
face integral equations for the magnetic field read as3>3
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H(r) = Hy(r) + jg [H(s")A" - V'gr(r,s’)
Q)
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H(r) = —ﬂg {H(s')ﬁ' -V'gq(r,s’)
a0

—gu(r,s’)s—“ﬁ’-V’Hr(s')]dz' for reQ,
er

(1b)

where Hy(r) is the incident field, s’ is a point on the bound-
ary of (), 71 is the outward normal of (), €} is the boundary
of (), and the boundary condition 7’'-V'Hgp(s')
=eq/ern’-V'Hr(s’) has been used, where Hr and H, refer
to the magnetic field approaching the boundary from me-
dium I' and €, respectively, and the Green’s functions
gro(r,s’) are given by the zero-order Hankel function of
second kind g o(r,s')=HP (ko\er o|r—s'|)/(4i), where k,
is the vacuum wave number.

Configuration (b) [Fig. 1(b)] is, however, not suitable for
the standard GFSIEM [Eq. (1)] because the boundary of () is
infinite, and one would have to integrate along this infinite
boundary. In configuration (a) this can very simply be
avoided by assuming that the lower metal has a finite thick-
ness. If the thickness of the lower metal is much larger than
the skin depth of the electromagnetic field, this assumption is
very good. Configuration (b) is, however, much more diffi-
cult to handle because even though a finite thickness of the
metal surface is assumed the boundary is still infinite. In
order to work around this problem, we developed a general-
ized version of the GFSIEM,?” where the integral along the
infinite surface is omitted by the use of an appropriate
Green’s function outside of the metal strip. Using this
method an exact numerical analysis of configuration (b) can
be made without truncations of integrals or assumptions of
finite structures. The tradeoff is that the Green’s function
used outside the metal strip cannot be represented by means
of a simple Hankel function but must be evaluated by means
of more complicated, numerically difficult, and computation-
ally time-consuming Sommerfeld integrals. For further de-
tails we refer to Ref. 27.

III. RESULTS

In all calculations presented, the optical properties of the
dielectric regions I' are described using the refractive index
of quartz n=1.452. The metal chosen is silver as it is known
from previously presented results'#!7-?3 that strong plasmon
resonances occur in related geometries based on silver. The
dielectric constant of silver is obtained by linear interpola-
tion of the data in Ref. 35. In all calculations sharp corners
have been rounded with a radius of curvature of 2 nm for
numerical reasons.

Our physical interpretation of the scattering resonances of
the configurations [(a) and (b), Fig. 1] is in the following
section related to the GPP mode supported by a gap sand-
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FIG. 2. The distribution of the components of the electric and
the magnetic fields of the GPP mode supported by a 10 nm quartz
gap sandwiched between a silver half plane and a thin silver film of
10 nm thickness, for A =700 nm. According to the coordinate sys-
tem chosen, the direction of propagation of the GPP wave is along
the x axis and the field distributions are displayed along the y axis
(see inset).

wiched between a thin metal film and a metal surface (Fig.
2). It is seen how the GPP mode is characterized by a large
electric field in the gap and how the field decays exponen-
tially away from the structure in the direction transverse to
the propagation direction, which is along the x axis (see inset
of Fig. 2).

To justify the assumption of a finite thickness of the lower
metal block in configuration (a) we have investigated the
dependence of the mode index of the GPP mode on the thick-
ness of the lower metal block. We find that for thicknesses
larger than ~50 nm the mode index is practically constant.
In all scattering calculations performed on configuration (a) a
thickness of £,=100 nm is used for the lower metal block.

Also, the dependence of the mode index of the GPP mode
versus the gap size has been investigated. Two distinct re-
gimes were observed: for small gaps (below ~50 nm), the
mode index decreases for an increasing gap size, and for
larger gaps, the mode index becomes constant. Interestingly,
for large gaps (above ~200 nm) the mode index of the GPP
mode converges toward the mode index of the slow SPP strip
mode. This indicates that the GPP mode for wide gaps trans-
forms into a slow SPP strip mode and therefore becomes
decoupled from the lower surface.

A. Configuration (a)

In the analysis of configuration (a), we start by relating
the scattering resonances to the GPP mode. Even though the
width of the metals is finite, the GPP mode can still propa-
gate along the x axis, and because the GPP is strongly bound
to the gap, it will be efficiently reflected when it reaches the
end of the resonator. Similar to the case of symmetric nanos-
trip configurations,'*!72? constructive interference between
forward- and backward-propagating GPPs can give rise to
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FIG. 3. The scattering cross section versus free space wave-
length for configuration (a). A plane wave propagating at an angle
(relative to x) axis indicated in the legend is scattered by the struc-
ture [r/=10 nm, d=10 nm, and ,=100 nm (see inset)]. Three dif-
ferent widths w are considered.

standing-wave resonances at certain wavelengths, which will
show up in the scattering spectrum.

To demonstrate this, we have calculated the scattering
cross section for three different widths, which corresponds to
first, second, and third order resonances at the wavelength
Ao=900 nm, respectively (Fig. 3). The configuration with
w=80 nm has a first-order resonance at A\;=900 nm. The
real part of the mode index of the GPP mode supported by
the configuration is ngpp=4.69, which yields Agpp/2
~96 nm. It is known that if the width of the resonator is
increased by half the wavelength of the PP mode responsible
for the resonance, a one-order higher resonance will be po-
sitioned at approximately the same wavelength.'*!72> Thus a
resonator with w=176 nm should have a second-order reso-
nance around Ay=900 nm, and a resonator with w
=272 nm should have a third-order resonance. For the third-
order resonance, the angle of incidence has been changed to
—90°. This has been done in order to better reveal the scat-
tering peak from the spectrum. This angle (=90°) cannot be
used to excite the second-order resonance due to symmetry
mismatch between the incident field and the resonance field.
The field patterns in Fig. 4 clearly illustrate the third, second,
and first-order natures of the GPP resonance for the different
widths. In (a) three minima of the field are seen in the gap, in
(b) two, and in (c) one. The field patterns show how the
mode field, at resonance, is highly localized in the gap. From
(d)—(f) the standing-wave pattern of the field is clearly seen.

With sensing and spectroscopical applications in mind, an
important feature of resonant nanostructures is tunability of
the resonance wavelength. It is known that the resonance
wavelength is a strong function of the gap size in related
configurations.”!%!® To investigate the tunability of the reso-
nance wavelength, and furthermore to study the transition
from a GPP resonator to a slow SPP strip resonator, we have
calculated the scattering cross section of a monochromatic
plane wave scattered at an angle of —45° (with respect to the

035401-3



JUNG, SONDERGAARD, AND BOZHEVOLNYI

0 2

4 6 8 10 12 14 16 18 20

I 20000000 ]
() w =272 nm

—_——

(b) w= 176 nm

b —

(c) w= 80 nm

40 = o
0@ 0 N
200 ;N s N N
10 | . \ 'I \ 'l “ 'l \\
, A \ ~
O - - J /J 4 -~
=130 }©
o 30
= 20
=2 ot
e LT
30pD y j—
20t 1: [ZZ::::J -
10t x 1

—150 -100 =50 0 50 100 150
X (nm)

FIG. 4. (Color online) Electric-field magnitude in the xy plane
for three different resonator widths: (a) w=272 nm, (b) w
=176 nm, and (c) w=80 nm [r=10 nm, d=10 nm, and ¢,
=100 nm (see inset of Fig. 3)]. Cross-sectional plot of the electric-
field magnitude (parallel to the x axis) through the center of the gap
[see inset in (f)]. (d) w=272 nm, (¢) w=176 nm, and (f) w
=80 nm. All field plots have been calculated at the resonance
wavelength Ay=900 nm.

x axis) by configuration (a) for varying gap sizes (Fig. 5). It
is seen that the resonance wavelength is a strong function of
the gap size, and by changing the gap size from 80 to 5 nm,
the resonance wavelength is redshifted more than 400 nm,
from 690 to 1110 nm. The resonance shift is far from linear
with the gap size. For small gaps it is shifted much more than
for larger gaps, e.g., \q shifts more than 200 nanometers
(from 900 to 1110 nm) when the gap size is reduced by only
5 nm, from 10 to 5 nm, and it shifts only 15 nm (from 690 to
705 nm) when the gap size is reduced by 30 nm, from 80 to
50 nm. This behavior is in good agreement with our inter-
pretation of the resonances as a smaller gap results in a larger
GPP mode index and thus a larger GPP wavelength.
Another expectation from the investigation of the GPP
mode is that when the gap size becomes large, the resonator
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FIG. 5. Scattering cross section versus wavelength for a mono-
chromatic plane wave propagating at an angle of —45° with respect
to the x axis scattered of configuration (a) [r=10 nm, w=80 nm,
and /=100 nm (see inset)]. Six different gap sizes have been con-
sidered. The second inset depicts the scattering cross section versus
wavelength of a strip resonator [f=10 nm and w=80 nm] sur-
rounded by quartz.

no longer resembles a GPP resonator but instead acts as a
slow SPP strip resonator. The second inset in Fig. 5 shows
the scattering cross section versus wavelength for a single
strip resonator [r=10 nm and w=80 nm] surrounded by
quartz. This scattering peak is similar to the scattering peak
of configuration (a) for d=80 nm. The resonance wave-
length of the strip resonator is Ay=665 nm, and the reso-
nance wavelength of configuration (a) for d=80 nm is 690
nm. This illustrates that configuration (a) for d=80 nm is
relatively close in resembling a strip resonator. However, it
must be noted that a large increase in gap size is needed to
blueshift the resonance wavelength the last 25 nm as for gap
sizes above 80 nm the resonance wavelength dependence on
the gap size is weak. To further study the transition from a
GPP resonator to a slow SPP strip resonator in configuration
(a), and to study field-enhancement effects in the gap, we
have calculated the electric-field magnitude in the xy plane
for different gap sizes (Fig. 6). The electric-field magnitude
for a gap size of d=10 nm [Fig. 4(c)] shows that the field is
highly concentrated in the gap. The field is large, close to the
terminations of the resonator, and has a clear minimum close
to the center of the gap. The reason that the minimum is not
completely in the center of the gap is that the angle of inci-
dence is —45°. From the cross-sectional plot through the cen-
ter of the gap [Fig. 4(f)] a maximum field enhancement, with
respect to the incident field, above 30 is found. A higher
value is possible with the angle of incidence —90°, where a
maximum enhancement of 49 is found for d=10 nm and
w=80 nm. For d=30 nm, at resonance (\q=734 nm), most
of the characteristics of the GPP mode are still found in the
field pattern [Fig. 6(a)]; the mode still has a tendency of
being connected to the lower metal surface through the gap.
However, the largest field is no longer found in the gap but
rather at the terminations of the strip. From the cross-
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FIG. 6. (Color online) Electric-field magnitude in the xy plane
for different gap sizes [r=10 nm, w=80 nm, and #,=100 nm (see
inset of Fig. 5)]. (a) d=30 nm and \y=734 nm, (b) d=80 nm and
No=690 nm, and (c) d=% and \y=665 nm. Cross-sectional plot of
the electric-field magnitude parallel to the x axis through the center
of the gap. (d) d=30 nm and (e) d=80 nm.

sectional plot through the center of the gap [Fig. 6(d)] the
maximum field enhancement is also considerably lower than
for d=10 nm, approximately 7.5 which is at least four times
smaller. For d=80 nm [Figs. 6(b) and 6(e)], the field mostly
resembles a metal strip resonator [Fig. 6(c)], where the field
is confined to the strip and not in the gap. For d=80 nm, the
maximum field enhancement through the center of the gap is
below 2 [Fig. 6(e)].
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FIG. 7. The out-of-plane scattering cross section versus wave-
length. A plane wave propagating at an angle of —45° (with respect

to the x axis) is scattered by configuration (b) [r=10 nm, w
=80 nm, and for six values of d (see inset and legend)].

B. Configuration (b)

Using the method we presented in Ref. 27, we have cal-
culated the scattering cross sections of the two main scatter-
ing channels of configuration (b), viz., the out-of-plane scat-
tering (Fig. 7) and scattering into SPPs (Fig. 8). All the same
tendencies as in the scattering analysis of configuration (a)
(Fig. 5) are seen. When the gap size is decreased the reso-
nance wavelength is redshifted. However, when compared to
configuration (a), a larger redshift is seen, the resonance
peaks are broader, and also larger values of the peak maxima
are seen. That the resonances of configuration (b) are red-
shifted compared to configuration (a) is in good agreement
with our interpretation of them. Due to the infinite surface,
the terminations of the resonator in configuration (b) are less
sharp than in configuration (a). This makes the effective
length of the resonator in configuration (b) larger than in
configuration (a), and the resonances therefore get redshifted.
More rapid coupling of energy out of the resonator, in this
case both into out-of-plane propagating waves (the peak val-
ues in Fig. 7 are higher than in Fig. 5) and SPPs, results in
broadening of the scattering peaks. The SPP scattering cross
section is calculated as an integral of the time averaged flux
of the Poynting vector of the scattered field related to SPPs.
Due to losses in the metal, SPPs are damped as they propa-
gate along the surface, and thus the SPP scattering cross
section is a function of the distance that the SPPs have
propagated as

ospp(x) = Agpp exp(— 2 Im(kspp)|x]), (2)

where Agpp is a constant, kgpp is the SPP wave number, and
|x| is related to the distance that the SPPs have propagated
along the x axis. In order to compare the amount of light
scattered into SPPs to the out-of-plane propagating waves, x
should be chosen to be small and close to the resonator. In
the results presented (Fig. 8) we have chosen |x|=1000 nm,
where x=0 is in the center of the strip. When the SPP scat-
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FIG. 8. The SPP scattering cross section versus wavelength. See
caption of Fig. 7 for details.

tering is compared to the out-of-plane scattering, it is seen
that the resonance wavelengths are, within a few nanometers,
identical. However, the SPP scattering cross section is
smaller. The SPP scattering cross section increases when the
gap size is reduced and has a maximum around a gap size of
10 nm, with a value close to 1.4. This is about 30% of the
out-of-plane scattering cross section which is close to 5. For
comparison, in a very recent study of SPP excitation by a
single subwavelength hole in a gold film,3” the highest effi-
ciency achieved (normalized with respect to the power inci-
dent onto the hole area) was below 30%, implying that the
normalized scattering (into SPPs) cross section was below
0.3. The close to fivefold increase in the efficiency predicted
for the 10-nm-wide gap structure is related to the occurrence
of strong resonance in the scattering configuration (Fig. 8)
that enhances not only local but also scattered fields.

To demonstrate structure optimization of configuration (b)
with respect to SPP launching, we have calculated a series of
SPP scattering cross sections in which the strip width and
gap are adjusted such that the structures show resonant
launching of SPPs around a free space wavelength of 800 nm
(Fig. 9). The calculations show how it is possible to achieve
resonant SPP launching at a desired wavelength by carefully
playing with the structural parameters (in Fig. 9 the width of
the strip and the gap size) of configuration (b). Note that both
first- (e.g., w=80 nm and d=26 nm) and second- (w
=200 nm, d=26 nm, and Agpp/2=120 nm) order reso-
nances can be utilized for resonant launching of SPPs. It
should also be taken into consideration that, in terms of the
absolute efficiency of SPP excitation, the second-order reso-
nance shown in Fig. 9 ensures a 2.5-fold efficiency increase
when compared to the first-order one.

With development of plasmonic devices in mind, a strong
unidirectional coupling into SPPs is often favorable.3® In or-
der to investigate the directionality of the launched SPPs of
configuration (b) under oblique incidence, we have calcu-
lated two SPP scattering cross sections related to SPPs that
propagate in the negative (to the left) and positive (to the
right) x directions (Fig. 10). It is seen how the SPP scattering
cross section of SPPs that propagate to the left is blueshifted
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FIG. 9. The SPP scattering cross section versus wavelength for
silver strips of different width, where the gap is adjusted such that a
resonant launching of SPPs is achieved around a free space wave-
length of A\y=800 nm. For details of configurations see inset and
legends.

a few nanometers compared to the scattering cross section of
SPPs that propagate to the right. At resonance, however, the
strength of the two scattering cross sections are almost iden-
tical. Thus, even under oblique incidence (—45° with respect
to the x axis), SPPs that propagate along the surface are
launched with almost equal strength in both directions. How-
ever, this is expected as scattering into SPPs is related to the
occurrence of the strong resonant buildup of the standing
waves in the gap, and these standing waves are only slightly
asymmetric [see field calculations for configuration (b) pre-
sented in Fig. 11].

To investigate the transition from GPP resonator to SPP
strip resonator, and to study the field enhancement in the gap,
we have calculated the field for three different gap sizes for

—
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FIG. 10. The SPP scattering cross section versus wavelength.
The solid lines represent the scattering cross section of SPPs that
propagate to the left and the dashed lines SPPs that propagate to the
right. See caption of Fig. 7 and inset for details about the
configuration.
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FIG. 11. (Color online) Electric-field magnitude at resonance in
the xy plane of configuration (b) (/=10 nm, w=80 nm, and three
different gap sizes). A plane wave is incident at an angle of —45°
with respect to the x axis. (a) d=10 nm and \y=958 nm. (b) d
=30 nm and A\y=785 nm. (c) d=80 nm and A\y=712 nm. Cross
sectional plots of the field magnitude through the center of the gap
along the x axis. (d) d=10 nm, (e) d=30 nm, and (f) d=80 nm.

configuration (b) (Fig. 11). When compared to the fields of
configuration (a) (Fig. 6), the fields in the gaps are slightly
increased. The maximum field enhancement in the gap (d
=10 nm) is close to 40 [Fig. 11(d)], and again a higher value
can be obtained for the angle of incidence of —90°. In this
case the maximum value is 48. Also, the modes at resonance
in configuration (b) are wider than in configuration (a). This
makes the effective resonator width larger, which makes
sense, as argued above. In configuration (b) the field for d
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FIG. 12. A cut along the x axis of the magnitude of the electric
field at y=5 nm. The cut is shown at resonance A\y=958 nm for the
configuration r=d=10 nm, w=80 nm, and an angle of incidence of
-90°. Also shown is |Eg+A exp(—ikonsppx)|, where Ej is the inci-
dent field including its reflection from the surface and A is the
amplitude vector of the SPP electric field.

=80 nm is, as in configuration (a), mostly localized around
the strip and not within the gap. Thus for a gap size of d
=80 nm, the field of configuration (b) also mostly resembles
the field of a strip resonator.

In order to reveal the launched SPPs that propagate along
the silver surface from the near-field plots, a cut along the x
axis at y=5 nm of the electric-field magnitude is presented
together with [Ej+A exp(—ikonsppx)|, where Ej is the inci-
dent field including its reflection from the surface and A is
the amplitude vector of the SPP electric field, determined
using Egs. (27)—-(29) of Ref. 27 (Fig. 12). As the two curves
are quite similar, it is seen how the characteristics of the
electric-field magnitude are mainly dominated by the inter-
ference between E|, and the SPP that propagates along the
surface. The reason that the two curves deviate slightly is
that the electric-field magnitude also contains propagating
scattered waves.

From the above analysis of configuration (b) it is clear
that the scattering resonances of both resonator configura-
tions [(a) and (b)] have a common origin. The resonances in
the scattering spectra are due to constructive interference of
counterpropagating GPPs that are trapped in the quartz gap
below the strip. For certain wavelengths these form standing-
wave resonances. As the terminations of the resonator in
configuration (b) are weaker than in (a), the resonances of (b)
are broader and redshifted.

IV. CONCLUSION

In conclusion, we have, using the GFSIEM, theoretically
analyzed two GPP resonator configurations, viz., a metal
strip close to a metal block of finite width [configuration (a)]
and a metal strip close to an infinitely wide metal surface
[configuration (b)]. We have shown that the scattering reso-
nances of both configurations (a) and (b) have a common
origin and can be related to the GPP mode supported by the
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gap between the strip and the block/surface. As the GPP
mode is efficiently reflected at the resonator terminations due
to its strongly bound nature, standing-wave patterns can form
from constructive interference between forward- and
backward-propagating GPPs, which gives rise to the scatter-
ing resonances. As the terminations of the resonator in con-
figuration (b) are less sharp, the scattering resonances are
redshifted and broader than in configuration (a). We have
shown how the scattering resonance wavelength can be
tuned over a wide range of frequencies from the upper vis-
ible to the near infrared by varying the gap size of the con-
figurations. For wide gaps, we have established a link be-
tween gap and strip resonators, as the two GPP resonator
configurations for wide gaps clearly resemble slow SPP strip
resonators. Also field-enhancement effects in the gap of the
two configurations were analyzed. The largest field enhance-
ment in the gap was found in configuration (b). For a gap
size of 10 nm a field enhancement close to 40, with respect
to the incident field, was found for a nonoptimized angle of
incidence. For an optimized angle of incidence a value close

PHYSICAL REVIEW B 79, 035401 (2009)

to 50 was found in both configurations. Finally, noticing that
in configuration (b) there appears the possibility of exciting
SPPs, we have considered the efficiency of this process. We
were able to evaluate scattering into out-of-plane propagat-
ing waves and into SPPs separately and found that for a gap
size of 10 nm scattering into SPPs is about 30% of the out-
of-plane scattering. The considered properties of the GPP
resonators make them attractive for use within plasmonic
sensing devices.
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