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Surface-plasmon polariton resonances in triangular-groove metal gratings
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Electromagnetic resonances of triangular-groove gold gratings illuminated with monochromatic light are
studied theoretically. The calculations performed are based on the Green’s-function surface-integral equation
method with the periodic Green’s function. Local-field-enhancement spectra and near-field calculations reveal
three types of resonances, namely, geometric resonances determined by the shape of individual grooves,
standing-wave surface-plasmon polariton (SPP) resonances due to SPPs reflected by the neighbor grooves, and
very sharp resonances (Rayleigh anomalies) at wavelengths near the cutoff wavelength of higher grating-
reflection orders, which can be tuned simply by changing the angle of incident light. These resonances are also
found to be observable in the reflection spectra, whose minima correspond to peaks in the enhancement
spectra. Typical enhancements of the electric field magnitude inside the grooves are larger than 20, reaching in
some cases the level of ~35. In the case of Rayleigh anomalies, the total reflection can be almost completely
suppressed. The resonances can be realized in the wavelength range from visible to infrared by varying the
groove height, angle, and periodicity, a feature that makes this configuration promising for a wide range of

practical applications, for example, within surface-enhanced spectroscopies.
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I. INTRODUCTION

Gratings with a periodic arrangement of grooves or sur-
face scatterers on a metal surface (or metal film) have several
applications in the field of plasmonics."? Electromagnetic
waves known as surface-plasmon polaritons (SPPs) being
bound to and propagating along metal surfaces are in this
field used for, e.g., signal transportation or for generation of
large local electric fields useful for sensing applications. A
finite-length grating can be used as a component for the ex-
citation of SPP waves.>® Alternatively, such gratings can
work as band-gap structures for SPP waves such that only
SPP waves with certain wavelengths are reflected or filtered
away.””!! Grooves in a metal film or surface have also at-
tracted a lot of interest for the enhancing of transmission
through subwavelength apertures.'?!3 Triangular-shaped (V-)
grooves that are considered in this paper have been used as
optical waveguides with SPP modes, channel plasmon po-
laritons, being confined to and propagating along the
grooves.!*"!7 Such waveguides have been used for the real-
ization of compact photonic components, e.g., a ring
resonator.'* Triangular grooves have been most often fabri-
cated by focused-ion-beam milling'# but similar waveguides
have also recently been fabricated with the nanoimprinting
technique.'®

This paper is devoted to detailed theoretical investigations
of the resonant behavior of triangular-groove gold gratings.
By varying the geometry of grooves and grating period, the
angle of incident light, and by calculating optical near fields
at resonance, we identify three types of resonances, namely,
standing-wave resonances related to SPP waves propagating
back and forth between the neighbor grooves, geometric
groove resonances related to the shape of individual grooves,
and very sharp resonances associated with Rayleigh anoma-
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lies. It is known that the Rayleigh anomalies (or Wood’s
anomalies) can occur due to the emergence of a new spectral
order at grazing angle and, depending on the system configu-
ration, related to guided waves propagating along the grating
surface.'®?" For example, this type of resonance has been
recently observed in the form of extremely narrow reflection
minima (few-nanometer spectral width) for two-dimensional
(2D) arrays of metallic particles.?! Local geometric groove
resonances for rectangular-groove (or lamellar) gratings have
been observed experimentally in reflection spectra.”>?3 Reso-
nances due to SPP waves being reflected back and forth be-
tween two grooves (of a different shape than ours) were re-
cently observed using cathodoluminescence.?* Standing-
wave resonances have also attracted attention for other
structures in the field of plasmonics in the form of optical
antennas>>%% or optical resonators based on metal nanostrips
(see, e.g., Refs. 27-29) and metal nanorods (see, e.g., Refs.
30-33).

The paper is organized as follows. In Sec. II the surface-
integral equation method used to obtain the results presented
in the paper is briefly presented. In Sec. III we investigate
how resonances in the local-field-enhancement spectra de-
pend on the geometry of triangular-groove gold gratings. In-
fluence of the angle of light incidence on the spectral posi-
tion of resonances is investigated in Sec. IV. We demonstrate
in Sec. V that, for the SPP standing-wave resonances, struc-
tures differing only in the period by an integer number of
half-SPP wavelengths (at resonance) exhibit the same reso-
nance wavelength. Reflection spectra are considered in Sec.
VI, and finally we offer our conclusions in Sec. VIIL.

II. NUMERICAL METHOD

The numerical results presented throughout the paper
have all been obtained with the Green’s-function surface-
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integral equation method with the periodic Green’s function.
We consider a 2D geometry. Along the third direction (z) the
structure and the fields are assumed invariant. In the case of
p-polarized light the magnetic field then only has a z com-
ponent, i.e., H(x,y)=ZH(x,y), where Z is a unit vector along
the z axis. The grating we will consider is a periodic struc-
ture (along x) consisting of a planar gold surface with peri-
odically spaced triangular indentations and air above the
grating. The magnetic field at a position r in the air region
above the grating is related to the magnetic field and its
normal derivative at the grating surface via the following
integral over one period of the metal-air interface:

H(r) = Hy(r) +J

1 period

_guir(r’sl)ﬁ, : V,Hair(sl)]dll’ (1)

[H(s )" - V' g, r,s")

where 71 is the surface-normal vector pointing into the air
region, Hy(r)=Ae *eksy (¢/“') is the incident plane wave
satisfying (V2+kde,;,)Ho(r)=0 with the free-space wave
number k, and dielectric constant of air €,,=1, and g, is
the free-space periodic Green’s function. H,;, instead of H
means that we should use the magnetic field on the air side
of the interface.

For positions in the metal region the magnetic field at a
position r is instead given by

H(r) =—f {H(S’)ﬁ’ V'g,(r,s’)
1 period

- g(r,8") V'Ha,»,<s’)]dz', 2)
atr
where g, is the periodic Green’s function of a homogeneous
metal and ¢,, is the complex dielectric constant of the metal.
We obtain ¢, for gold by linear interpolation of the Johnson
and Christy data** to the wavelength of interest. There is no
incident field in the latter equation because the field is inci-
dent on the grating from the air side. Self-consistent equa-
tions for the magnetic field and its normal derivative are
obtained by letting the position r approach the surface from
either side. The resulting equations are discretized and the
field in each (possibly slightly curved) surface element is
assumed constant. This results in a matrix equation for the
discretized field and normal derivative that can be solved on
a computer. Once the field and its normal derivative are
known at the surface the field can be calculated at all other
positions using the above two equations. We calculate the
electric field from the magnetic field [E=(V X H)/iwe],
which means when we use Egs. (1) and (2) we have to cal-
culate double derivatives of the Green’s function.
The periodic Green’s function is given by

il " ’)E G ,)e—iky,n‘y—y"
) l',l', —_=Z o tkyx—x enGlx—x G,
gazr(m)( ) 200 k

3)

where G=27/A with A being the period of the grating, k, is
the x component of the wave vector of the incident plane
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wave, and &y ,= Vk2e i~ (k,—nG)? with imag(k,,,) 0.

This Green’s function satisfies the usual equation (V
+k(z)eair(m))gm,(m)(r,r’):—5(r,r’), and with this choice of
Green’s function the field calculated with Eqgs. (1) and (2)
will satisfy the radiating boundary condition meaning that
except for the component H the field should propagate away
from the grating surface. Furthermore, the Green’s function
satisfies the boundary condition

2

gl —x"+nAy—-y)=glx—x",y—y")e ks (4)

The total field will be a Bloch wave with the Bloch-wave
number k,. In the calculations all corners are rounded with a
bending radius of 2 nm. The method is very similar to the
surface-integral equation method presented in Refs. 35-37
except that it has been modified to the case of periodic struc-
tures by replacing the usual Green’s function with the peri-
odic Green’s function,’®3% and the fact that we do not inte-
grate over a closed surface but one period of a periodic
structure. The integral over the missing part of the closed
surface accounts for the term H, [Eq. (1)] or vanishes [Eq.
@)

By using a large period we have checked that conver-
gence is similar to our previous work with the usual (nonpe-
riodic) Green’s function®> and we can reproduce the same
analytical results,? the same numerical results by other au-
thors (in which case rounding of sharp corners can be impor-
tant for the convergence), and numerical results being in
agreement with experiments.?® Furthermore, the method has
been validated by comparing calculations for a range of pe-
riodic surface profiles with similar calculations based on the
area and volume Green’s-function integral equation
methods® with a periodic Green’s function, and a very
simple check has been to model layered media as a periodic
structure in which case we have compared with analytical
results.

III. GROOVE GEOMETRY

The structure we are interested in is a grating character-
ized by a periodic arrangement of triangular grooves with
height & and groove angle « in a gold surface (inset of Fig.
1). In order to start the analysis with a case where the com-
plexity is as small as possible, we choose a grating period
A=500 nm which is not larger than the considered wave-
lengths N (500=A=1500 nm) avoiding thereby higher-
order reflections for normally incident light.

For the 500-nm-period gratings with the groove height A
=200 nm and angles a=20°, 30°, and 40°, we have calcu-
lated in a wide range of wavelengths the enhancement of
magnitude of the local electric field near the bottom of a
groove (24 nm above the groove tip) as compared to the
normally incident p-polarized plane wave [Fig. 1(a)]. By us-
ing a position which is not exactly at the bottom of the
groove we avoid that the result will be sensitive to the choice
of rounding used for the corner at the bottom of the groove.

Results are also shown for the case of s-polarized incident
light [Fig. 1(b)] to illustrate that the field enhancements
achievable with that polarization are very small, especially
close to the metal surface, and that there are no resonances in
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FIG. 1. (a) Enhancement spectra of the electric field magnitude
(compared to the normally incident p-polarized plane wave) at a
position close to the groove bottom of the 500-nm-period grating
for different groove angles « (see inset). (b) Enhancement spectra at
different positions above the groove bottom for the structure with
groove angle a=20° in the case of s-polarized light.

the spectra. The highest local-field enhancements of a factor
of 2 for s polarization [Fig. 1(b)] is similar to the maximum
achievable local-field enhancement that would be obtained in
the case of a flat metal surface due to interference between
the incident and reflected waves. As sharp resonances and
large local-field enhancements are not available with
s-polarized light (at least, in the considered parameter range)
we will for the remainder of the paper deal only with
p-polarized light.

For p polarization and all three considered groove angles
[Fig. 1(a)] one notices two significant resonance peaks, e.g.,
at the wavelengths 621 and 1127 nm for the groove angle
a=20°, whose positions are influenced (blueshifted) albeit to
a different degree by increasing the groove angle. The nature
of the short-wavelength resonance (621 nm) is revealed from
a calculation of the electric near-field distribution around the
grooves [Fig. 2(a)] showing that the field to a large extent is
localized to a region near the bottom of the groove. We as-
sociate this resonance with a geometric resonance of an in-
dividual groove occurring due to the field bouncing between
the groove top and bottom in a way similar to what takes
place in lamellar or rectangular grooves.?>?3

The long-wavelength resonance (1127 nm) has a large
amount of the field located above the groove [Fig. 2(b)]. In
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FIG. 2. Normalized electric field magnitude distributions near
the 500-nm-period groove grating being illuminated with
p-polarized light with wavelength (a) 621 nm and (b) 1127 nm. The
groove height is 200 nm and the groove angle is a=20°.

this case, we hypothesize that the resonance is caused by
standing waves related to SPPs propagating back and forth
(along the surface) between the neighbor groove bottoms.
This hypothesis is supported further throughout the paper by
simulations for different angles of incident light and grating
periods, including further calculations of the near-field dis-
tributions for those cases. Note that the resonant wavelength
is close to being two times larger than the groove period, i.e.,
close to the round-trip distance. It should be of course borne
in mind that the reflection phase might depend on the groove
angle a and that the precise location where reflection takes
place is also not well defined. Note that for the resonators
based on short-range SPPs the reflection phase can signifi-
cantly influence the width of a resonator to be different from
half the desired resonance wavelength.?® Standing-wave
resonances of a similar nature but for two rectangular
grooves have also been observed experimentally.?*

If we consider a position with smaller distance to the
groove tip we can marginally increase the peak of the short-
wavelength resonance but at the expense of a slightly de-
creased peak at the long-wavelength resonance. Thus we
consider the height 25 nm above the groove tip to be a good
compromise where both peaks are very near to their
maximum.

The maximum physical round-trip distance that one could
assume for an SPP to propagate when being reflected back
and forth between the neighbor grooves is twice the distance
L between the groove bottoms along the surface, where

L=A+2h{\1 +[tan(e/2)]* — tan(a/2)}. (5)

Within the assumption of propagation taking place in the
form of SPP’s the optical path length per round trip will not
differ much from 2L because the SPP mode index is close to
unity. The distance L changes from 835 nm for «=20° to 780
nm for a=40° in accordance with the observed blueshift of
the resonance wavelength when increasing the angle «. The
resonance wavelength changes from 1127 nm (a=20°) to
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FIG. 3. Enhancement spectra of the electric field magnitude
(compared to the normally incident p-polarized plane wave) at a
position close to the groove bottom of the 500-nm-period grating
(see inset) for different groove heights h.

950 nm (@=40°), i.e., by 187 nm, which is somewhat differ-
ent from the change in 2L (110 nm). The difference can be
understood if we consider propagation in the groove to take
place in the form of a gap SPP. The larger mode index of a
gap SPP results in an increased optical path length and there-
fore a resonance wavelength which is larger than 2L. This
increase will be higher for @=20° than for «=40° because
the gap-SPP mode index increases with decreasing gap
width.

In the next step, we consider changing only the groove
height & for the same geometry as before (A=500 nm, «
=20°). One notices (Fig. 3) that both the short- and long-
wavelength resonance peaks are redshifted with the increase
in groove height, features that are consistent with the inter-
pretations suggested for these resonances. For example, the
change in height 4 from 150 to 300 nm results in an increase
in the round-trip distance 2L:2AL=506 nm [Eq. (5)]. The
corresponding increase in the resonance wavelength consti-
tutes ~405 nm (from 985 to 1390 nm), which is at least not
far away from 2AL (the above remark on the reflection phase
is also relevant in this case).

IV. ANGLE OF LIGHT INCIDENCE

The aforementioned interpretations of the short- and long-
wavelength resonances seen in Figs. 1-3 implies that these
resonances (being determined only by the groove geometry
and round-trip distance) should not depend on the angle of
light incidence. This is confirmed by considering the angles
of incidence 6;=0°, 10°, 20°, 30°, and 40° (Fig. 4) since the
resonance peaks at A =621 and 1127 nm appear for all con-
sidered angles of incidence.

However, the spectra for the larger angles are more com-
plex due to the appearance of sharp features, “spikes” and/or
dips, at a wavelength close to

A=A+ Asin 6;, (6)

corresponding to the cutoff wavelength where the first dif-
fraction order in reflection from the grating appears. At this
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FIG. 4. Enhancement spectra of the electric field magnitude
(compared to the incident p-polarized plane wave) at a position
close to the groove bottom of the 500-nm-period grating for differ-
ent angles 6; of light incidence.

precise wavelength the reflected light in the first diffraction
order is grazing the grating surface. E.g., for the angle of
incidence of 40°, the above formula [Eq. (6)] results in the
wavelength of 821.4 nm, and the calculated spike is located
at this wavelength within 0.2 nm. At this wavelength, the
reflected (in the first diffraction order) light propagates along
the negative x axis according to the definition of 6; and the
coordinate system in the inset of Fig. 4.

It is instructive to consider the near-field distribution at
the wavelength of the spike resonance (Fig. 5). The field
distribution just above the grating is relatively featureless,
supporting the idea of strong excitation of waves barely graz-
ing the grating surface and propagating only along the nega-
tive and not along the positive x axis since in that case we
would have seen a standing-wave picture.

Note that, for the relatively short period of A=500 nm
discussed in so far, higher diffraction orders in reflection
were not present in the considered wavelength interval for
normally incident light. The field-enhancement spectra be-
come slightly more complicated for larger periods, e.g., for
A=800 nm (Fig. 6). In this case we find for normal inci-

0

FIG. 5. Normalized electric field magnitude distributions near
the 500-nm-period groove grating being illuminated with
p-polarized light at the wavelength of 821.5 nm. The angle of inci-
dence is 6,=40°.
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FIG. 6. Enhancement spectra of the electric field magnitude
(compared to the incident p-polarized plane wave) at a position
close to the groove bottom of the 800-nm-period grating for differ-
ent angles 6; of light incidence.

dence a spike at the wavelength of 800.8 nm (with magni-
tude |E/Ey| = 36), which is practically the same as the wave-
length A=A=800 nm, where the first diffraction order in
reflection appears at the grazing angle. Notice that, as the
angle of incidence increases, the spike/dip splits up into two
spikes/dips at the wavelengths given approximately by the
relation A=A £ A sin 6;.

It is also seen that the resonance peak positioned for nor-
mally incident light at the wavelength 1190 nm moves to
longer wavelengths with increasing angle of incidence. How-
ever, it is important to notice that when the angle of inci-
dence changes only by 10° the redshift is marginal. This (and
other more pronounced) redshift is caused by the interference
of the resonance peak at 1190 nm with a dip at A=A
+ A sin ; moving progressively to longer wavelengths with
increasing 6; and suppressing the corresponding part of the
resonance peak. For the angle of incidence of 40°, a rela-
tively broad peak appears at the wavelength of ~1080 nm.
We have considered also larger angles of incidence to see if
this peak will eventually move its position to 1190 nm with
increasing 6; and found that this was not the case, e.g., for
6;=60° the position did not change compared with §,=40°. A
further increase in the angle of incidence to 70° and 80°
results in a blueshift of the peak and a decrease in the reso-
nant field at the bottom of the groove.

The suggested interpretation of sharp resonances implies
that similar resonances should be observed for higher diffrac-
tion orders as well. Indeed, considering normally incident
light and the periods of 800 and 1600 nm, we found that, in
both cases, a spike at ~800 nm is observed in the field-
enhancement spectra (Fig. 7) confirming the nature of these
resonances as being associated with Rayleigh anomalies
whose positions are given by

mA=A(l £sin 6;), m=1,2,.... (7)
The near-field distributions at the spike resonance for both
periods [Figs. 8(a) and 8(b)] resemble a standing-wave pat-
tern as could be expected since the just appearing new (first
for 800-nm-period grating and second for 1600-nm-period
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FIG. 7. Electric field-enhancement spectrum (normally incident
p-polarized light) at a position close to the groove bottom for the
800- and 1600-nm-period groove gratings. The groove height is 200
nm and the groove angle is 20°.

grating) diffraction order is reflected grazing the surface and
propagating equally along the positive and negative x axis.
Note the efficient field excitation inside the grooves at the
spike resonances. The corresponding near-field distributions
at the wavelength of 815 nm where the electric field en-
hancement is at a minimum are shown in Figs. 8(c) and 8(d).
One notices that the “dip” wavelength is rather close to the
light wavelength (~816 nm) that can excite the 800-nm-
period SPP waves propagating at the air-gold interface. We
conjecture therefore that the dips observed at the long-
wavelength side of resonant spikes (Figs. 4, 6, and 7) are
associated with the diffraction orders giving rise to the SPP
excitation with the condition being as follows:

mAgpp=A(1 £sin §), m=1,2,..., (8)
where Agpp is the SPP wavelength at the air-metal interface.
Indeed, this hypothesis can also explain the appearance of a
small dip at the wavelength of ~545 nm in the normal-
incidence spectra for the 500-nm-period grating (Figs. 1 and
3) since the SPP wavelength of 500 nm can be excited at
~544 nm. It should also be borne in mind that the efficient
groove excitation results in a field distribution similar to that
of channel plasmon polaritons,'* which requires in turn the
opposite direction of electrical field on the groove sides, a
feature that is not compatible with the propagating SPP field
distribution. Finally, the near-field distributions at the wave-
length of 815 nm [left part of Figs. 8(c) and 8(d)] resemble a
standing SPP wave pattern overlaid with another interference
pattern—that of normally incident and reflected light. The
presence of a SPP wave pattern is more clearly seen in the
case where we only show the magnitude of the out-of-plane
component (y) of the electric field [right part of Figs. 8(c)
and 8(d)]. In the case of the period 1600 nm [Fig. 8(d)] we
have also shown a cross section of the magnitude of the field
(solid curve) together with the magnitude of the field of a
SPP (dashed curve). The two curves are practically on top of
one another. A similar agreement between the out-of-plane
field component and a SPP field was found in the case of Fig.

8(c).
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FIG. 8. Normalized electric field magnitude distributions near groove gratings for (a) the period A=800 nm and wavelength \
=800.8 nm, (b) A=1600 nm and A=806 nm, (c) A=800 nm and A=815 nm (left part: magnitude of total field, right part: magnitude of
out-of-plane field component), and (d) the same as Fig. 8(c) except that the period is A=1600 nm. A cross cut of the field along the dashed
line is shown in the inset together with the field magnitude of a SPP. The two curves practically coincide.

The fact that the standing-wave pattern has a node right at
the grooves means that the SPP waves will in this case
propagate very similar to propagation on a flat surface with-
out grooves, which was actually an assumption in the argu-
ments used to arrive at Eq. (8).

Contrary to the previous case (Fig. 6) the spike for the
period 1600 nm is now at a wavelength (806 nm) which is
slightly longer compared with the cutoff wavelength of the
grating order, although it is just a few nanometers. One could
speculate that, for longer periods, the spike and dip condi-
tions [Egs. (7) and (8)] produce progressively closer wave-
lengths causing these two phenomena to interfere with each
other. At any rate, the near field at the wavelength of the
spike resonance [Figs. 8(a) and 8(b)] is not dominated by
SPP waves, whose presence is clearly seen at the wavelength
of the dip [Figs. 8(c) and 8(d)]. This is seen by noticing that
the field is shown for distances up to 1200 nm above the
grating surface and that the field magnitude of the flat-gold-
surface SPP should decrease by a factor 1/e within the dis-
tance of 623 nm for the wavelengths close to 800 nm.

V. SCALING OF THE GROOVE PERIODICITY

The above interpretation of the long-wavelength reso-
nance (identified first in Fig. 1) as being due to the SPP
reflection by the neighbor grooves implies that the resonance
position (being determined by the SPP round-trip propaga-
tion) should not be changed when the grating period is

changed by an integer number of half-SPP wavelengths. In
order to check this feature, let us consider, as a starting point,
the period 1600 nm, in which case there is a field-
enhancement resonance peak at the wavelength 1140 nm
(Fig. 7), and increase or decrease the period by an integer
number of half-SPP  wavelengths at resonance (A,
~ 1130 nm). The simulation results shown in Fig. 9 demon-
strate clearly that changing the groove period by a half of the
SPP wavelength results in a structure with the resonance at
(approximately) the same wavelength. Note that, for the pe-
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FIG. 9. Field-enhancement spectra for groove gratings where
the periods differ by an integer number of half-SPP wavelengths at
resonance. For the periods A =470, 1600, and 2730 nm the angle of
incidence is 6;=0°. For the periods A=1035 and 2165 nm the angle
of incidence is #;=40° and 50°, respectively.
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FIG. 10. Normalized electric field magnitude distributions at the
resonant wavelength of ~1130 nm for groove gratings with (a)
period A=1035 nm and angle of incidence 6,=40°, (b) A
=1600 nm, #;=0°, and (c) A=2730 nm, 6;=0°. The groove height
is 200 nm and the groove angle is 20°.

riods A=470, 1600, and 2730 nm we considered the normal
incidence, 6;,=0°. For the other periods, A=1035 and 2165
nm, the resonance peak does not appear for the case of nor-
mally incident light, which can be explained by the symme-
try mismatch between incident and resonant fields. Consid-
ering, e.g., the incident magnetic field, or the x component of
the electric field, the even symmetry of these field compo-
nents in one period of the structure is not broken because the
structure within the period is symmetric. Thus the resulting
total fields will also be of even symmetry, and consequently
resonant fields with odd symmetry cannot be excited with
normally incident light. Furthermore, the resonance peak can
also be modified due to interference with the Rayleigh
anomaly, and the appropriate angle of light incidence must
be chosen in a way so that the Rayleigh anomaly, i.e., the
wavelengths given by Egs. (7) and (8), are not too close to
the resonance peak. For the structures with periods A
=1035 and 2165 nm the resonances appear for the angles of
incidence  6,=40° (A=1035 nm) and 6,=50° (A
=2165 nm), when the Rayleigh anomaly is moved suffi-
ciently far away.

The corresponding resonant near-field distributions show
features confirming the excitation of first-order to fifth-order
standing waves (Fig. 10). The resonant field distribution for
the period of 470 nm (not shown) is very similar to that
displayed in Fig. 2(b) with one node (minimum) in the field
being located at the surface in the middle between the
grooves. The field distribution at the second-order resonance
[Fig. 10(a)] features correspondingly two nodes, that at the
third-order resonance [Fig. 10(b)] three nodes, and so on
[Fig. 10(c)].

We conclude this section by considering another reso-
nance, namely, the long-wavelength resonance shown in Fig.
6 (period A=800 nm) at the wavelength of 1190 nm for the
normally incident light. In this case as well, increasing the
period by a half of SPP wavelength (\,,~ 1180 nm) results
in a structure with the resonance at the same wavelength, if
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FIG. 11. Field-enhancement spectra for groove gratings where
the periods differ by an integer number of half-SPP wavelengths at
resonance. For the periods A =800, 1980, and 3160 nm the angle of
incidence is 6;=0°. For the period A=2570 nm the angle of inci-
dence is 6;=40°, and for A=1390 nm we consider the three angles
of incidence #;,=0°, 6;=30°, and 6;=40°.

the angle of incident light is chosen appropriately (Fig. 11).
In this case, three spectra for the period of 1390 nm corre-
sponding to three different angles of incident light are
shown. For the angle of incidence 30° the resonance peak at
wavelength ~1190 nm appears. However, when this angle
is 40° the Rayleigh anomaly is located very close to the
resonance wavelength and the resonance peak is modified.
For the case of normally incident light the structure with
period 1390 nm has a Rayleigh anomaly at the wavelength
~1400 nm similar to the case of the structure with period
2570 nm. In the latter case (period 2570 nm) this anomaly
does not lead to modification of the resonance peak at wave-
length ~1190 nm, and so it is also not obvious that this
anomaly could be an alternative explanation of why the reso-
nance does not appear at the wavelength ~1190 nm for the
period 1390 nm and normal light incidence. However, in this
case the resonance cannot be excited with normally incident
light for symmetry reasons.

VI. REFLECTION SPECTRA

Finally, we shall take a closer look at reflection spectra for
the case of normally incident light for groove-grating struc-
tures with a number of different periods. In Fig. 12 we have
presented field-enhancement spectra [Fig. 12(a)] and corre-
sponding reflection spectra [Fig. 12(b)]. Clearly, the wave-
length of the short-wavelength resonance peak that we saw
in Fig. 2(a), which was localized to the bottom of the groove,
does not change much when changing the period, as far as
the field-enhancement spectrum is concerned. On the other
hand the standing-wave resonance [e.g., Fig. 2(b)] redshifts
with increasing period, which is consistent with the interpre-
tation of this resonance as being related to SPPs propagating
back and forth between grooves. For the larger periods we
notice the appearance of a spike similar to those considered
previously. When this spike is close to the groove resonance
[Fig. 2(a)] it looks as if the field-enhancement peak is split
into two peaks. The redshifting of the standing-wave reso-
nance with increasing period is also clearly observed in the
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FIG. 12. (a) Electric field-enhancement spectra (normally inci-
dent p-polarized light) at a position close to the bottom of the pe-
riodically repeated groove (period A). The groove height is 200 nm
and the groove angle is 20°. (b) Reflection spectra including all
grating-reflection orders for the same gratings.

reflection spectrum considering reflection into all orders
[Fig. 12(b)]. Notice the close match between peaks, includ-
ing spikes, in field-enhancement spectra and dips in corre-
sponding reflection spectra. The minimum in field enhance-
ment for A=1000 nm shows up in reflection as a small
sudden increase with wavelength.

In order to measure the total reflection it is necessary to
integrate over light propagating in all reflection directions. In
the calculation we only have to sum over the discrete direc-
tions corresponding to the reflection-grating orders. In a
measurement where reflection is only measured for a specific
direction, e.g., zero-order reflection (going directly upward
here), the measured reflection will differ significantly from
the total reflection if the period is large enough (or the wave-
length small enough) that the grating supports higher-order
reflection. In Fig. 13 we consider the zero-order and first-
order reflection separately. Notice that the zero-order reflec-
tion spectrum (Fig. 13) can have some very large extra re-
flection dips compared to the total reflection [Fig. 12(b)].
However, when summing over all the reflection orders some
of these reflection dips in the spectrum completely disappear
since the reflection dip in the zero-order reflection matches
the reflection increase in the first-order reflection. Also note
that the first, second, third... orders have a cutoff wavelength
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FIG. 13. Zero-order and first-order reflection spectra for the
same structures considered in Fig. 12.

where reflected light will be grazing the grating surface.
Changing the wavelength for the higher orders changes the
reflection angle making the measurement of the spectrum
more difficult compared with zero-order reflection.

We should mention that for a related structure with a pe-
riodic arrangement of metal nanowires placed on top of an
indium-tin-oxide (ITO) waveguide layer it has been experi-
mentally observed that extinction maxima redshift with in-
creasing period between nanowires [similar to the observa-
tion in Fig. 12(a)], and that extinction minima for the angle
of light incidence 0° can split up into two minima with in-
creasing angle of light incidence, which we observed in Fig.
6 and described by Eq. (8).* In the case of Ref. 40 light is
transported from one wire to the next via the ITO waveguide
layer whereas in our case light is transported from one
groove to the next via the metal surface acting as a wave-
guide for SPP waves. For a 2D array of nanorods it has also
been experimentally observed that a transmission minimum
redshifts with increased pitch between the rods.*!

VII. CONCLUSION

In conclusion, we have considered the optical properties
of triangular-groove gold gratings characterized by groove
height, groove angle, and the period between grooves. If the
grating period is smaller than the wavelength (normally in-
cident light) we typically find only two resonances. The first
resonance at wavelengths of approximately 600-700 nm is
determined by the geometry of individual grooves, namely,
groove height and groove angle. The resonance blueshifts
slightly with increasing groove angle and redshifts with in-
creasing height. In one case the local enhancement of the
electric field magnitude near the bottom of the groove for
one of these resonances reached a factor of 35. We also find
another resonance at larger wavelengths that can be ex-
plained as a standing-wave resonance due to SPPs being re-
flected back and forth between neighbor grooves. This expla-
nation was supported by showing that the resonance
wavelength redshifts with increasing period and increasing
groove height, and geometries with a resonance at the same
wavelength can be constructed by increasing the period by
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an integer number of half-SPP wavelengths. Furthermore, the
resonance is not sensitive to the angle of incident light (ex-
cept if there is another important resonance present), and
calculated resonant fields show an integer number of nodes
in the near-field close to the surface and between grooves
matching the order of the standing-wave resonance.

For structures with longer periods exceeding the wave-
lengths considered, or when we use oblique angles of inci-
dence, we found the appearance of a spike (Rayleigh
anomaly) in the field-enhancement spectrum at wavelengths
close to the cutoff wavelength of a higher-order reflection
from the grating. For a short period (800 nm) the spike
wavelength was at this precise cutoff wavelength within 1nm
but for the period 1600 nm the spike wavelength was longer
than half the period by 6 nm. We can try to explain this in the
way that the spike is affected by SPP waves to a larger extent
for the larger periods.

PHYSICAL REVIEW B 80, 195407 (2009)

We have shown that the resonances are observable in re-
flection spectra. The best correspondence between reflection
dips and local-field-enhancement peaks due to various reso-
nances is obtained by considering the total reflection into all
grating-reflection orders. If the grating period is larger than
the wavelength there will be higher-order reflection, in which
case there will be additional reflection minima in the more
easily measurable zero-order reflection compared to the total
reflection.

Finally, we have seen that by varying the periodicity,
groove height, and angle, the standing-wave resonances ob-
served in near-field spectra and reflection spectra can be
tuned within a wide range of wavelengths from the visible to
the infrared, which makes the grating configuration interest-
ing for, e.g., sensing and surface-enhanced spectroscopies.
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