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Plasmonics crystals �PCs� comprised of finite-size triangular lattices of gold bumps deposited on a gold thin
film are studied by means of a near-field optical microscope. The plasmonic crystals fabricated by electron-
beam lithography are illuminated by an incident surface plasmon polariton excited in the Kretschmann-Raether
configuration at the gold/air thin-film interface for incident free-space wavelengths in the range 740–820 nm.
Based on the measurement of the surface plasmon polariton �SPP� damping distance in the crystals, the
existence of a band gap for an incident SPP traveling along the two symmetry axes �M and �K is demon-
strated. By increasing the lateral size of the bumps, the influence of the filling factor on the PC spectral
properties is investigated. We show that, for the two �M and �K axes, the central gap frequency depends only
weakly on the filling factor, whereas we observed a neat band-gap broadening for increasing filling factors. The
experimental results are found to be consistent with the PC band structures computed by means of the
differential method. In particular, a good agreement between the experimental and theoretical central gap
frequencies for the two �M and �K axes is obtained. Finally, we investigate the origin of the band gap in PCs
by computing modal reflectivity �or in-plane reflectivity� of semi-infinitely extended crystals. From these
calculations, we show that the SPP propagation through a PC is inhibited by distributed reflection and not by
losses channels such as absorption or out-of-plane scattering.

DOI: 10.1103/PhysRevB.74.125406 PACS number�s�: 73.20.Mf, 78.66.�w, 07.79.Fc, 42.70.Qs

I. INTRODUCTION

Surface plasmons polaritons �SPPs� are electromagnetic
excitations that can propagate along metal/dielectric
interfaces.1 If the interface is flat, SPPs cannot be excited by
light incident from the dielectric medium since, at a given
frequency, the SPP wave-vector component �k�

SPP� parallel to
the interface along which it propagates exceeds the wave-
vector modulus of the radiative light traveling in the dielec-
tric medium. Two standard techniques are used to match the
parallel incident wave-vector k�

inc with that of a SPP. First,
the surface of the metal can be illuminated with an evanes-
cent wave produced by total internal reflection, and second,
the amount of momentum to be added to the incident wave
vector to reach k�

SPP can be gained from a grating input
coupler.2 Similarly, following the inverse optical path, a SPP
incident on a grating generates a scattered wave with a par-
allel wave-vector component k�

d verifying the momentum
conservation law k��

d=k��
SPP+G� , where G� is a reciprocal-lattice

vector of the grating output coupler. If �k��
d� is smaller than

�k��
SPP�, the incident SPP is said to be scattered out-of-plane as

the incident SPP is converted into photons. In the event of
�k��

d� equal to �k��
SPP�, the incident SPP is scattered in-plane

since the scattered wave is still a SPP. The SPP in-plane
scattering is at the origin of the energy gaps that open up at
the boundaries of the Brillouin zones in the dispersion curves
of the SPP sustained by periodically modulated surfaces.3–5

These gaps have been exploited for the design of SPP
Bragg mirrors for SPPs traveling along the surface of ex-

tended thin films6 or SPP modes supported by thin metal
strips.7,8 The existence of these energy gaps has also been
demonstrated in the case of bigrating of surface defects. In
particular, it has been shown experimentally4 and
theoretically9,11 that full band gaps can be obtained for two-
dimensional �2D� gratings with a triangular lattice. The ex-
istence of such an absolute gap implies that, over a given
frequency range, a thin-film SPP cannot propagate through
the grating for all in-plane propagation directions. In analogy
with 3D photonic crystals,12 it has been suggested to use
these 2D gratings of surface defects for controlling SPP
propagation. By means of a near-field optical microscope,
the guiding of SPPs along a straight and bent line defect
opened into so-called plasmonic crystals �PCs� has been
reported.13–15 Recent numerical calculations based on the
Green dyadic formalism have pointed out that the width
and/or the central frequency of the gap obtained for PCs
represented by a triangular lattice of finite height cylinders
depend strongly on structural parameters such as the radius
of the scatterers.16,17 Thus, it has been established that sig-
nificant improvement of PC guiding performances can be
expected if their geometrical parameters are correctly cho-
sen. On the other hand, the optimum choice has not yet been
clearly identified, partially because the reported studies of
SPP propagation in PCs were so far either experimental13–15

or theoretical,16,17 a circumstance that made a direct compari-
son and analysis of the results obtained quite difficult.

The objective of this work is to investigate both experi-
mentally and theoretically the influence of the scatterers size
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�i.e., the filling factor� on the properties of PCs, including the
SPP guiding along channels in PCs. Beyond the fundamental
interest, knowing the influence of the filling factors on prop-
erties such as the central gap frequency or the width of the
energy gaps is obviously highly desirable for the develop-
ment of efficient PC-based integrated optical devices.

The paper is organized as follows. In Sec. II, we first
describe the origin of the energy band gap in triangular grat-
ings and we discuss the choice of the period of the samples
we use in this work. In Sec. III, we briefly explain the fab-
rication method of the samples and we discuss more in detail
the near-field optical characterization of the PC. Specifically,
we consider the influence on the near-field images of a local
or an extended illumination of the crystals. We present, in
Sec. IV, the near-field images recorded at different frequen-
cies over PC with increasing filling factors. On the basis of
these images, we locate the energy gap for two in-plane
propagation directions corresponding to the symmetry axes
�M and �K. In Sec. V, the experimental results are discussed
and compared with numerical calculations performed with
the differential method. Based on both numerical and experi-
mental results, the influence of the filling factor on the PC
properties is analyzed. Concluding remarks are given in Sec.
VI.

II. DIFFRACTION IN PLASMONIC CRYSTALS

The samples we consider in this work consist of gold
bumps deposited on a gold thin film and arranged to form a
2D triangular lattice �also called hexagonal lattice� with a
period a. For the near-field optical imaging of these samples
we use, a cw titanium-sapphire laser tunable from
740 to 830 nm as a light source. With the aim of observing
the energy band gaps �BG� of the PC within the tunability
range of our laser, the period of the grating must be chosen
carefully. Figures 1�a� and 1�b� show, respectively, the direct
and reciprocal space of a 2D triangular lattice. In direct

space, the triangular lattice can be spanned using two vectors
with components in the Cartesian basis given by a� = �a ,0�
and b� = � a

2 ,
�3a
2

� such that the corresponding reciprocal vector

components are a�*= 2�
a

�1, −1
�3

� and b�*= 2�
a

�0, 2
�3

�. From the ba-
sis vectors of the reciprocal lattice, the hexagonally shaped
first Brillouin zone of the grating can be constructed. Taking
into account the symmetry of this first Brillouin zone, the
irreducible Brillouin zone defined by the symmetry points �,
M, and K is obtained. Note that our definition of the symme-
try points M� 1

2 , 1
2

� and K� 2
3 , 1

3
� �coordinates given in the

�a�* ,b�*� basis� that is the most widely accepted definition12 is,
however, reversed compared to that of Refs. 13, 14, 16, and
17.

A complete study of the optical properties of the 2D tri-
angular grating would require investigating the optical re-
sponse of the PC to incident SPPs having an in-plane wave
vector sweeping the boundary of the irreducible Brillouin
zone. SPPs with in-plane wave vectors connecting � to a
point of the MK segment intersect the boundary of the first
Brillouin zone and then are Bragg reflected. Indeed, such
SPPs are elastically scattered in the direction given by k�SPP

s

=k�SPP
i +k�G, where k�SPP

i denotes the incident SPP wave vector
and where k�G is a Bragg vector of PC given by k�G=ma�*

+nb�*, with n and m equal to 1, −1, or 0. Without any loss of
generality, let us consider the irreducible Brillouin zone
shown in Fig. 1�b�. For this zone, the corresponding PC

Bragg vector is given by k�G=a�*+b�*. Thus, a SPP with a
wave vector k�SPP that belongs to this irreducible Brillouin
zone will be Bragg reflected provided that

�k�SPP�cos � =
1

2
�a�* + b�*� , �1�

where � is the angle formed by the propagation direction of
the incident SPP and the symmetry axis �M. For the irreduc-
ible Brillouin zone considered in Fig. 1�b�, the SPPs describ-
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FIG. 1. �a� Direct space of a triangular lattice.
The symmetry axes �M and �K are shown, re-
spectively, as a dashed and a dash-dotted line. �b�
First Brillouin zone of a triangular lattice. The
irreducible Brillouin zone corresponds to the tri-
angle �KM. �c� SEM images of a PBG structure
consisting of a 430-nm-period triangular lattice
of particles of 290-nm diameter. �d� Zoom of the
PBG structure corresponding to the white square
shown on image �c�.
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ing the MK segment are all Bragg reflected by the same
crystal lattice lines with Miller indices equal to �1,1� and
shown in Fig. 1�a� as dotted lines. It is worth noting that a
SPP traveling along the �M direction is normally incident on
the lattice lines that Bragg reflect it, while for any other
propagation directions �on the MK segment�, the SPP hits
these lines at oblique incidence. In particular, the propaga-
tion direction �K corresponds to an angle of incidence on the
�1,1� lattice lines of 30°. It is then a simple matter to find
from Eq. �1� the wave-vector modulus kSPP= 2�

�SPP
of the SPPs

that are Bragg reflected by the PC when propagating along a
�M or a �K direction. Indeed, for a SPP traveling along the
�M direction, it is found that the Bragg reflection occurs
provided that its wavelength �SPP verifies

�SPP = �3a , �2�

while for the �K direction, the SPP should be Bragg reflected
if

�SPP =
3a

2
. �3�

It is clear that neither the exact central gap frequency nor the
width of the gaps can be obtained from Eq. �1�,3,9 as this
reasoning holds only for crystals with a vanishing refractive
index modulation,10 however these simple calculations pro-
vide us with, at least, a guideline for the design of the
samples.

With the aim of centering the gap of at least one propa-
gation direction with respect to our laser tunability range, we
consider triangular lattices with a period a=430 nm. The
corresponding Bragg reflected SPP wavelengths are, respec-
tively, �SPP=744 nm for the �M direction and �SPP
=645 nm for the �K direction. The effective index of a SPP
�defined as neff=

�0

�SPP
� traveling at the air/metal surface of a

50-nm-thick gold thin film deposited on a glass substrate has
been computed from the dielectric function of gold tabulated
in Ref. 18. From this effective index, we found that the cen-
ter gap frequency for the �M direction corresponds to a free-
space wavelength of �0=762 nm �effective index of the SPP
neff=1.024� and to �0=674 nm for the �K direction �neff

=1.044�. Thus, with such a grating period, the gap for the
�M direction should be centered with respect to the fre-
quency range of our laser. Moreover, by using this period, we
will possibly investigate the behavior of SPPs on the long-
wavelength edge of the gap for the �K direction.

III. NEAR-FIELD IMAGING

The samples we consider in this study have been fabri-
cated by standard electron-beam lithography. A 50-nm-thick
gold film deposited on a glass substrate is first spin-coated
with a 300-nm-thick layer of polymethylmethacrylate
�PMMA�. A field emission gun scanning electron microscope
�SEM� controlled by a lithography system is used to create a
triangular lattice of holes in the PMMA layer. A 50-nm-thick
gold film is subsequently thermally evaporated onto the
polymer and finally the dissolution of the nonexposed
PMMA layer allows us to obtain a gold thin film textured by

circular gold bumps of fixed height. The radius of the bumps
is controlled by varying the dose during the exposure of the
polymer. Figures 1�c� and 1�d� show SEM images of a typi-
cal sample. The samples consist of a textured area in which
line-defect waveguides are opened. These line-defect
waveguides can be oriented either along the �M or the �K
directions. For the �M direction, the channels are obtained
by removing ten lines while only six lines are removed for
the �K orientation, such that in both cases the width of the
channels is approximately 2.5 �m.

The interaction of the SPP with the PC is observed by
means of a photon scanning tunneling microscope �PSTM�.
A detailed description of the experimental setup used in this
work can be found in Ref. 19. The sample is glued with an
index matching fluid to the hypotenuse of a right-angle glass
prism comprising the stage of the PSTM. A TM-polarized
titanium-sapphire laser is used to launch a surface plasmon
polariton at the surface of the bare thin gold film in the
Kretschmann-Raether configuration. A fine adjustment of the
angle of incidence of the laser beam is performed by mini-
mizing the power of the reflected beam. Note that with the
surface occupied by the PC being negligible compared to
that of the whole sample, we observe a dip in the reflectivity
of the sample similar to that of a bare gold thin film. The
plane of incidence of the incoming beam is oriented parallel
to the long axis of the line defects opened in the PC. A
multimode fiber tip produced by a standard heat-and-pull
technique is subsequently coated with a metal multilayer
comprised of 30 nm of chromium and 5 nm of gold �no re-
sulting aperture at the end of the tip�. The tip is attached to a
piezotube and scanned at constant height in the very vicinity
of the sample surface, allowing us to observe the near-field
intensity distributions over the channels and the crystals.

Prior to discussing the properties of PC as a function of
the filling factors, we first consider the influence of the illu-
mination conditions on the near-field images of the channels.
Most of the previous works dealing with PC have been per-
formed by using a collimated beam rather that a focused one
for the excitation of the SPP on the bare metal/air interface.
Owing to the spot size used in these experiments, the line
defects and the crystals are not only excited by the SPP
launched on the bare thin film but also directly by the inci-
dent light. When using such an extended source of light il-
luminating the whole length of the channels, artifacts can
occur that may lead to erroneous interpretations of the PC
near-field images. In order to check the existence of such
artifacts, we consider a �M oriented channel opened in a
crystal comprised of gold bumps with a radius of 70 nm.
Figures 2�a� and 2�b� show, respectively, the near-field im-
ages of this crystal when excited by using a collimated beam
or a focused spot �spot radius about 5 �m in the focal plane�
with a frequency corresponding to a free-space wavelength
of �0=775 nm. For the focused illumination, the incident
spot is out of the scanning range of the image shown in Fig.
2�b� at a distance of about 10 �m on the right border of this
image. On the two PSTM images, the bare gold thin film is
located on the right-hand side of the line defined by x
=10 �m and the SPP excited on this thin film travels from
the right to the left of the images. A very neat standing-wave
pattern created by the interference of the incident SPP with
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the SPP back-reflected by the crystal is visible on the right
part of the two PSTM images. The intensity detected over
the channel for both illuminations demonstrates that the in-
cident SPP is efficiently guided or at least confined by the
channel. In addition, it can be seen that the modal structures
visible in the channel are qualitatively similar for the colli-
mated and focused illuminations. Cross-cuts of the colli-
mated and focused PSTM images taken over the channels are
displayed in Fig. 2. It is worth noting that the near-field
intensity modulation visible on the cross-cuts has a periodic-
ity of roughly 385 nm outside the crystal and about 750 nm
inside the �M oriented channel. The reason for this differ-
ence can be attributed to the fact that outside the crystal, the
standing wave pattern arises from the interference of two
surface waves leading to a periodicity of �SPP/2, whereas the
mode propagating inside the channel �that has the properties
of a Bloch mode� exhibits an intensity modulation with a
periodicity equal to �3a, i.e., the periodicity of the �M sym-
metry axis of the crystal. From the cross-cuts shown in Fig.
2, it is also clear that the SPP damping into the channel is
stronger in the case of a focused illumination than for the
collimated one. This difference can be attributed to a direct
excitation of the channel mode by the incident light. Indeed,
the resonance condition of a sufficiently large channel is ex-
pected to be close to that of a bare extended thin film. Thus,
if the PC are excited by means of a collimated beam, the
near-field intensity levels should be used carefully when
studying PC properties such as losses or guiding efficiency
along bent paths, for example. Note that, although the damp-
ing of the SPP inside the channel depends upon the illumi-

nation conditions, the SPP field confinement inside the chan-
nel is not significantly different when using a collimated or a
focused incident beam.

The cross-cuts displayed on the right part of Fig. 2 have
been taken over the crystal on the collimated and focused
illumination PSTM images. The SPP field intensity appears
strongly damped with the propagation distance within the
crystal. In analogy with a Bloch wave traveling through a
conventional Bragg mirror20 at a frequency in the gap of the
mirror, we assume that the SPP field is exponentially damped
as it penetrates into the crystal. By fitting the experimental
cross-cuts �shown on the right part of Fig. 2� with exponen-
tial functions, we found that the e−1 damping distance of the
SPP inside the crystal is 3.9 and 4.2 �m, respectively, for the
collimated and focused illumination. Thus, we conclude that,
when the SPP propagation through the PC is prohibited, the
SPP damping distance inside the crystal is not significantly
changed by the illumination conditions. In the following, we
will then characterize the optical response of the PC by mea-
suring the inner crystal SPP damping distance in the case of
a collimated illumination.

IV. EXPERIMENTAL CHARACTERIZATION OF THE PC
GAPS

The physical origin of a BG in a PC being the multiple
in-plane scattering, the optical properties of PC are expected
to depend upon the size, the shape, and/or the refractive in-
dex of the surface scatterers. In this section, we investigate
the PC properties as a function of the radius of the gold
hemiellipsoid comprising the crystal. Because the height of
the bumps may have a dramatic effect on the PC spectral
properties,17 for all the samples considered in the following
the bump height is kept constant and equal to 50 nm. Chang-
ing the radius of these bumps corresponds to a change of the
so-called filling factor, i.e., the ratio of the surface occupied
by the number of scatterers per unit lattice cell to the surface
of a unit lattice cell. For a triangular bigrating with a period
a and half a scatterer per unit cell, the filling factor f is given
by

f =
2�R2

a2�3
�4�

if R denotes the radius of the hemiellipsoids. The goal of this
work is not to demonstrate the existence of a full BG so that
we restrict ourselves to SPP propagation along only two di-
rections aligned with the main symmetry axes �K and �M.

A. Propagation along the �K axis

Figures 3�a� and 3�b� show typical PSTM images re-
corded over a PC with a period a=430 nm and comprised of
gold bumps with a diameter of 162 nm �filling factor of
13%�. Line defects oriented along the �K axis are opened
into the crystals. The PC is illuminated by a collimated beam
that launches a SPP on the bare gold thin-film area located on
the right side of line x=10 �m on both images �a� and �b�.
This SPP propagates parallel to the longitudinal axis of the
line defects, i.e., along the �K direction. As in the case of
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FIG. 2. Top: PSTM images of a �M oriented PC obtained with,
respectively, a collimated �a� or focused �b� illumination with an
incident frequency corresponding to �0=775 nm. The overlaying
white dashed lines locate the origin of the cross-cuts shown in the
bottom of the figure. the incident thin-film SPP is launched on the
thin film located on the right-hand side of the crystal �x�10 �m�
and travels from the right to the left of the images. Bottom: Cross-
cuts of the PSTM images taken along the channels �left� or over the
crystals �right�. The dotted lines on the cross-cuts show the bound-
ary between the PC and the bare thin film. The inner crystal SPP
damping distance is measured using the cross-cuts of the PSTM
images taken over the crystal.
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Fig. 2, the incident SPP is traveling from the right to the left
of the images. At a frequency corresponding to a free-space
wavelength of �0=800 nm, the incident SPP penetrates
deeply into the crystal �Fig. 3�a��, whereas on the contrary, a
dramatic damping occurs at �0=742 nm. By using the pro-
cedure described in the previous section, the damping dis-
tance de in the crystal is found to be 20.3 �m �4.8 �m� at
�0=800 nm ��0=742 nm�. With the aim of comparing the
PC attenuation lengths measured at different frequencies, de
must be normalized by the e−1 damping distance of a SPP
propagating at the surface of a bare thin film. The normalized
damping distance de

�n� obtained for different frequencies and
different filling factors is plotted in Fig. 3�c�. For a given
filling factor, the damping distance decreases monotonically
with the incident free-space wavelength. At a fixed fre-
quency, de

�n� decreases as the filling factor increases such that
the smallest values of de

�n� are obtained for large filling fac-
tors and the small wavelengths of the frequency range we
consider. In addition, it can be seen that for a given fre-
quency, the decrease of the damping distance is larger for
small values of f . Indeed, for f changing from 18% to 41%,
the normalized damping distance for short wavelengths de-
creases only very little. The dip in the dispersion of de

�n�

observed for short wavelengths is expected to be related to a
BG since for a 430 nm-period triangular PC, the center gap
wavelength is around �0=680 nm �see Sec. II�, i.e., in the
blue side of our laser frequency range. However, small val-
ues of de

�n� are not characteristic of a BG as they could also

be related to the excitation of SPP modes with a short life-
time and/or a small group velocity. The existence of a BG
must be checked against other parameters such as SPP field
confinement in the channels or the in-plane PC reflectivity.
Figure 3�d� shows the confinement factor C computed ac-
cording to

C =

�
−L/2

+L/2

I�x0,y�dy

�
−W/2

+W/2

I�x0,y�dy

, �5�

where L and W denote, respectively, the width of the channel
and the scan size in the y direction of the PSTM images and
where I is the near-field intensity measured with the PSTM.
The cross-cuts of the PSTM images used to perform the cal-
culations of C have been taken at a distance of 10 �m from
the right border of the PC �i.e., x0=0.0 �m�. The evolution
of the confinement factor as a function of the frequency con-
firms the existence of a BG in the low-wavelength range
since C increases significantly with decreasing incident
wavelengths. In addition, we found that increasing the filling
factor improves the SPP field confinement inside the channel.
Based on these experimental results, we conclude that a BG
exists probably for the �K direction in the blue side of our
laser frequency range. This result will be checked against
numerical calculations later �Sec. V�. Because we observe
only the long-wavelength side of this BG, we cannot con-
clude whether the BG width is increased or whether the cen-
tral gap frequency is redshifted by increasing f , however we
observe an evolution of the BG as a function of f in quali-
tative agreement with the results discussed in Refs. 11 and 17

B. Propagation along the �M axis

We consider now PCs featuring channels oriented along
the �M symmetry axis. As in the previous case, the crystals
are illuminated by an incident SPP traveling parallel to the
channels axis. Figures 4�a� and 4�b� show PSTM images
recorded over a �M oriented PC with a filling factor of 10%
�bumps diameter=140 nm, period a=430 nm�. Figure 4�a�
has been obtained at a frequency corresponding to �0
=742 nm. Unlike what has been observed for the �K direc-
tion, the incident SPP penetrates far into the crystal at this
frequency. The image shown in Fig. 4�b� has been obtained
by switching the incident wavelength to �0=789 nm. This
time, the penetration depth is reduced and the SPP field is
efficiently confined into the channel. On the basis of the
PSTM images recorded at different frequencies for samples
with increasing filling factors, the curves plotted in Figs. 4�c�
and 4�d� have been obtained by measuring, respectively, the
normalized damping distance de

�n� and the confinement factor.
For all the considered filling factors, the normalized damping
distance is found to be minimum around �0=780 nm. The
central gap wavelength of the �M direction is then just
20 nm larger than the rough estimate obtained from the
Bragg condition in Sec. II. For increasing filling factors, the
damping distances at the long- and short-wavelength side of
the BG are strongly reduced whereas the central gap wave-
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FIG. 3. PSTM images of a �K oriented crystal with a period of
430 nm and a filling factor of 13%. Image �a� �image �b�� has been
obtained with an incident free-space wavelength of �0=800 nm
�742 nm�. �c� Normalized damping distance of the incident SPP
inside the crystal as a function of the frequency and the filling
factor. The damping distance is normalized with respect to the
damping distance of a thin-film SPP computed from the dielectric
function tabulated in Ref. 18 The points corresponding to images
�a� and �b� are shown on the curve obtained for a filling factor of
13%. �d� Confinement factor of the SPP field inside the channel as
a function of the filling factor and frequency. The confinement is
computed according to Eq. �5� by using a transverse �i.e., perpen-
dicular to the channel axis� cross-cut of the corresponding PSTM
image obtained by averaging the near-field intensity over a strip
with a width of 2 �m located at a distance of 10 �m from the
border of the crystal.
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length is slightly redshifted. From these observations we
conclude that, in agreement with previous theoretical works,
the increase of the PC filling factor enlarges the BG and
redshifts the central gap frequency.9,16,17 Finally, it is worth
noting that for all filling factors, the smallest inner crystal
SPP penetration depth corresponds to the largest confinement
factor, indicating that the BG can also be identified from the
dispersion of the confinement factor. This important observa-
tion elucidates the issue of correlation between the BG posi-
tion and the dispersion of SPP propagation loss and field
intensity confinement for a PC channel that has recently been
brought to the fore.17

C. SPP in-plane scattering

Up to now, the optical properties of the PC have been
studied from the field distributions measured inside the crys-
tals or the line defects. However, the PC could be character-
ized as well by considering the field reflected by the
crystals.13 The images shown in Figs. 5�a� and 5�b� have
been recorded over crystals featuring channels oriented, re-
spectively, along the �K and �M directions. For both orien-
tations, the filling factor and the incident wavelength corre-
spond to the shortest inner crystal penetration depth, i.e.,
�0=742 nm and f =41% for �K and �0=775 nm and f
=38% for �M. Beside the short SPP propagation inside the
crystal and the efficient SPP confinement in the channels, a
very well defined standing-wave pattern can be seen on both
images. Although a detailed discussion of the line-defect
waveguides modal structure is beyond the scope of this work
�a complete study devoted to this topic will be reported else-
where�, it is, however, worthwhile to note that very different
field distributions are observed in the waveguides in Figs.
5�a� and 5�b�, revealing different guiding conditions for the
�K and �M oriented channels.

As shown on the zooms of Figs. 5�c� and 5�d�, the
standing-wave pattern exhibits a quasihexagonal symmetry
for the crystal with a �K oriented channel as the angles �
and 	 �see the inset in Fig. 5�c�� formed by the lattice lines
�of the standing-wave pattern� are, respectively, equal to 54°
and 72°, whereas a simple 1D pattern is obtained for the
crystal with a �M oriented channel. Moreover, for the �K
orientation �Fig. 5�a��, two beams emerging from the channel
and forming an angle 
= �123±5�° are also clearly visible �a
third beam located in the upper right part of the image is also
visible and is due to a line-defect waveguide located over the
channel shown on Fig. 5�a��.

We believe that the in-plane scattering of the incident SPP
on the �M and �K oriented PC boundaries is at the origin of,
respectively, the quasihexagonal standing-wave pattern and
the beams emerging from the channel visible in Fig. 5�a�.
Indeed, as shown in Fig. 6�a�, for this orientation of the
crystal, the incident SPP is normally incident on the �M
oriented boundary of the PC, whereas it propagates parallel
to the �K PC boundaries comprising the edges of the line-
defect waveguide. From the conservation of the momentum
parallel to the PC boundary, it is a simple matter to show that
a SPP normally incident on the �M PC boundary is in-plane
scattered in propagation directions defined by the polar angle
��M �see Fig. 6�b�� given by

sin ��M�m� = m
�SPP

�3a
, �6�

where m is an integer and where �SPP and a denote, respec-
tively, the incident SPP wavelength and the period of the
triangular crystal. For an incident SPP wavelength such that
�3a
2 ��SPP
�3a, then only three back-reflected SPPs propa-

gating along directions labeled as k�SPP
R �+1�, k�SPP

R �0� and
k�SPP

R �−1� in Fig. 6�b� are obtained. The angle ��M formed by
the specular reflection k�SPP

R �0� and the two other scattered
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FIG. 4. PSTM images of a �M oriented crystal with a period of
430 nm and a filling factor of 10%. Image �a� �image �b�� has been
obtained with an incident free-space wavelength of �0=742 nm
�789 nm�. �c� Normalized damping distance of the incident SPP
inside the crystal as a function of the frequency and the filling
factor. The points corresponding to images �a� and �b� are shown on
the curve obtained for a filling factor of 13%. �d� Confinement
factor of the SPP field inside the channel as a function of the filling
factor and frequency.
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FIG. 5. �a� PSTM image of a crystal �filling factor 41%� featur-
ing a �K oriented channel. The incident frequency corresponds to
�0=742 nm. The two beams emerging from the channel form an
angle 
= �123±5�°. �b� PSTM image of a crystal with a filling
factor of 38% and featuring a �M oriented channel. The incident
frequency corresponds to �0=775 nm. �c� ��d�� Zoom of the quasi-
hexagonal standing wave pattern visible on image �a�. The angles �
and 	 �see inset� are, respectively, equal to 54° and 72°. �d� Zoom
of the 1D standing-wave pattern visible on image �b�.
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orders �+1� and �−1� is equal to 60° for the incident fre-
quency equal to the Bragg reflected frequency of the �K
direction.

At the entrance of the channel, the incident SPP hits at
grazing incidence the line-defect waveguide boundaries
comprised of gratings with a period a leading to in-plane
scattering directions given by �see Fig. 6�c��

cos ��K�m� = − 1 + m
�SPP

a
, �7�

where m is a positive integer. As shown in Fig. 6�c�, only two
scattering directions corresponding to m=1 are obtained for
a
2 ��SPP
a. As in the previous case, for an incident fre-
quency equal to the �K Bragg reflected frequency, the angle
��K�1� is equal to 60°. However, as shown in Fig. 6�d�, if the
incident wavelength is slightly larger than the �K Bragg re-
flected wavelength, then the corresponding ��M and ��K
angles are, respectively, larger and smaller than 60°.

The quasihexagonal interference pattern observed in Figs.
5�a� and 5�c� can now be easily interpreted as the result of
the interaction of three surface waves. Indeed, having in
mind that the 1D interference pattern of two SPPs is oriented
parallel to the median axis formed by their wave vectors, the
quasihexagonal interference pattern observed in the experi-

mental images can be understood as the superposition of the
1D interference fringes created by the mutual interaction of
the incident SPP with the two orders �+1� and �−1� backscat-
tered by the �M oriented PC interface. As shown in Fig. 7,
the symmetry of the experimental quasihexagonal standing-
wave pattern is restored if we assume a scattering angle
��M�1� for the backscattered orders of 72°. The scattering
angle ��M�1� computed from Eq. �6� for a free-space wave-
length of 742 nm ��SPP=722 nm� and a lattice constant a
=430 nm leads to a value of 76°, in fairly good quantitative
agreement with the experimental value. Note that our inter-
pretation of the standing-wave pattern holds only if the am-
plitude of the specularly back-reflected order �0� is negligible
or at least small compared to the amplitude of the �+1� and
�−1� scattered orders.

Let us consider now the scattering of the incident SPP on
the very first periods of the �K oriented PC boundaries com-
prising the edges of the line-defect waveguides. As men-
tioned before, the two diverging beams emerging from the
channel are attributed to this scattering mechanism. How-
ever, when computing from Eq. �7� the full opening angle
formed by the two scattered orders for conditions that corre-
spond to the experimental situation, we end up with a value
of roughly 
=95°, significantly different from the experi-
mental one �
=123±5�°. The origin of this discrepancy is
still not fully understood, however it could be just due to the
fact that we estimate the scattering angle by using a grating
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FIG. 6. �a� Schematic view of the crystal featuring a �K ori-
ented line-defect waveguide. �b� In-plane �elastic� scattering dia-
gram of the incident SPP on the �M interface of the PC. The period
of the 1D grating comprising the �M oriented PC interface is
d�M =�3a if a denotes the period of the triangular crystal. �c� In-
plane scattering diagram of the incident SPP on the �K oriented PC
interfaces. The period of the grating is d�K=a. �d� Ewald construc-
tion showing simultaneously the in-plane backscattered directions
of the incident SPP on the �M �solid arrows� and �K �dashed
arrows� oriented PC interfaces. The in-plane scattering directions
are given by the crossing of the isofrequency contour of the incident
SPP �circle with a radius �kSPP�� with the normal to the PC interfaces
passing through the vertices of the triangular reciprocal lattice.
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FIG. 7. Schematic view of the origin of the quasihexagonal
standing-wave pattern observed on the experimental images �see
Fig. 5�. The orientation of the lattice lines of the standing-wave
pattern fits with the experimental results if the backscattered orders
propagate along a direction forming an angle ��M =72°.
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formula whereas probably only few periods of the line-defect
waveguide edges contribute to this beam generation.

Our interpretation of the beam origin is, however, sup-
ported by the results obtained for a crystal with line-defect
waveguides oriented along the �M direction �Figs. 5�b� and
5�d��. As shown in Fig. 8, the incident SPP is normally inci-
dent on the �K oriented PC interface leading to a single
back-reflected specular scattered order �solid arrow� that
generates the 1D standing-wave pattern observed on the ex-
perimental images. On the other hand, the incident SPP fall-
ing at grazing incidence on the two �M oriented edges of the
channel generates in-plane scattered orders with propagation
directions that depend on the incident wavelength. Indeed,
for an incident SPP wavelength matching the �M Bragg
wavelength �Fig. 8�b��, the scattering on the edges of the
channel leads to SPPs propagating �dashed arrows� either
perpendicular or parallel to the channel axis. For an incident
SPP wavelength slightly smaller �Fig. 8�c�� than the �M
Bragg wavelength, the scattered waves of first order are no
longer perpendicular to the channel axis and the scattered
SPPs of second order propagate with a small angle with re-
spect to the channel axis. If the incident SPP wavelength is
larger than the �M Bragg wavelength �Fig. 8�d��, only first-
order scattered SPPs can exist. Thus, for an incident SPP
wavelength close to the �M Bragg wavelength, the SPPs
corresponding to the first diffraction order by the edges of
the channel are unable to escape from it �as they propagate
almost perpendicular to the channel� whereas the second-
order SPPs �when they exist� propagate almost parallel to the
channel and then parallel to the SPP back-reflected by the
�K oriented crystal surface. Thus, when they exist, only the

second-order SPPs diffracted by the few first periods of the
�M oriented channel boundaries could generate a beam, and
in this case the beam is expected to propagate in the same
direction as the SPPs strongly back-reflected by the �K ori-
ented crystal surface, making it difficult to observe such a
beam in the near-field images.

At this stage, it is worth noting that the field distributions
observed inside the channels are likely related to the scatter-
ing of the SPPs traveling into the channels on the gratings
comprising the edges of the line-defect waveguides. As men-
tioned before, a detailed analysis of these field distributions
will be report elsewhere, however one can easily anticipate
that the concepts used to understand the standing-wave pat-
terns outside the crystals hold also for observation points
located inside the line-defect waveguides.

V. MODELING PLASMONIC CRYSTALS

A. Plasmonic crystals band diagrams

From an experimental point of view, the characterization
of PC is a tedious and time-consuming task as it requires us
to consider incident wave vectors distributed along the whole
boundary of the irreducible Brillouin zone. In this context,
the full understanding of PC properties greatly benefits from
numerical modeling.

The model we use in this section is not expected to de-
scribe the surface modes sustained by a periodically modu-
lated metallic surface more accurately than previously re-
ported PC models,9,11,17 but it allows us to consider
computational situations that are close to our experimental
configuration. Specifically, the PCs we consider numerically
are deposited on a metal thin film �as in our experiments� and
this might have some importance as the PC properties could
be influenced by the metal/superstrate SPP radiation leakage
through the thin film.11 The numerical PCs are comprised of
infinitely extended gratings of the gold scatterers deposited
at the surface of a gold thin film �with a thickness hL lying on
a glass substrate �see Fig. 9��. The sample is illuminated by a
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wavelength of the crystal �M axis. Note that the first Brillouin zone
has been rotated 30° with respect to Fig. 6�d� in order to align the
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FIG. 9. Schematic view of the numerical PC. The PCs are com-
prised of gold parallelepipeds of golds deposited on a gold thin film.
The period of the bigrating is, respectively, dx and dy along the
Cartesian axis x and y. The angle of incidence and the in-plane
propagation direction of the incident monochromatic plane wave is
controlled by, respectively, the angle � and the angle �.
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monochromatic incident plane wave, the orientation of the
incident wave vector being controlled by two angles � and �.
The metallic part of the object �thin film and scatterers� is
described by their complex dielectric function tabulated in
Ref. 18 such that we account for the Ohmic losses of gold.
The formalism we use to study these PCs is known as the
differential method.21,22 When dealing with bigratings, the
differential method relies on a truncated 2D plane-wave ex-
pansion of the electromagnetic field,

A� �x,y,z� = 	
m=−M

+M

	
n=−N

+N

A� �m,n�exp�i��mx + 	ny + �m,nz�� ,

�8�

where A� denotes the electric or magnetic field. The wave-
vector components of a plane wave in expansion �6� are
given by

�m = n1k0 sin � cos � + m
2�

dx
,

	n = n1k0 sin � sin � + n
2�

dy
,

��m,n
�l� �2 = �nlk0�2 − �m

2 − 	n
2, �9�

where n1 is the refractive index of the substrate. The super-
script �l� in Eq. �9� can be either “1” or “3” depending
whether the field is considered in the substrate or in the su-
perstrate. From Eq. �9�, it is clear that the z wave-vector
component can be real or pure imaginary introducing, re-
spectively, radiative or evanescent orders in the expansion
�8�.

The use of the differential method has been restricted for
a long time to the study of dielectric gratings due to numeri-
cal instabilities when dealing with metallic objects. These
instabilities have been found to be due to �i� numerical con-
tamination related to the existence of evanescent orders in
the field expansion and �ii� a poor convergence of this field
expansion with the number of orders involved in the trun-
cated series. About a decade ago, the explanation of the poor
field expansion convergence was found23 and solutions have
been proposed.24,25 Based on these solutions, stable algo-
rithms have been developed among which is the “S-matrix
algorithm” used in this work. A detailed description of this
algorithm can be found in Ref. 21. In order to keep the ac-
celeration procedure of the field expansion convergence26

�denoted as the fast Fourier factorization �FFF� method in
Ref. 21� at a reasonable level of complexity, all the numeri-
cal results discussed in the following have been obtained
using PCs comprised of periodically distributed scatterers
with vertical sidewalls, i.e., parallelepipeds.

For a given incident field �E� inc ,H� inc�, the S-matrix algo-
rithm returns the values of the plane-wave amplitudes

A� �m ,n� for the field in the substrate or in the superstrate.
Knowing the field amplitudes in the substrate, it is a simple
matter to compute the reflectivity of the sample at the inci-
dent frequency according to

R = 	
�m,n�rad

em,n
�1� , �10�

where em,n
�1� is the efficiency of the plane wave labeled by the

two integers �m ,n� and where the sum is taken over all ra-
diative plane waves in the substrate. For a given plane wave
�m ,n�, the efficiency is obtained from

em,n
�1� =

S�m,n
�1� · u�z

S� inc · u�z

, �11�

where S�m,n
�1� and S� inc are, respectively, the Poynting vector of

the �m ,n� and incident �i.e., �0,0�� plane waves. The SPP
modes sustained by the periodically modulated thin films can
be characterized by computing the sample reflectivity for dif-
ferent incident frequencies and different illumination condi-
tions. Note that in this way, we adopt the same technique as
that used in Ref. 4 to demonstrate experimentally the exis-
tence of a full band gap in a PC. At a given incident wave-
length �0, the wave-vector component parallel to the sample
surface can be adjusted by changing the angle of incidence �
while choosing convenient � allows us to investigate SPP
excitation along different directions. Thus the dispersion
curves of the SPP modes sustained by the PC can be obtained
from the computation of the textured surface reflectivity.

The PCs we consider numerically are comprised of trian-
gular bigrating of parallelepipeds with a volume h�L2,
where h is the height of the scatterers and L is the lateral size
of their square basis. Our implementation of the differential
method can only deal with bigratings that are periodic along
the x and y directions of the Cartesian basis, therefore the
triangular PCs are defined from a rectangular unit cell shown
in Figs. 10�a� and 10�c�. This numerical unit lattice cell con-
tains two scatterers and has a surface of a2�3 if a is the
period of the triangular lattice. The filling factor of the nu-
merical PC is then given by

f =
2L2

a2�3
. �12�

The shape of the numerical scatterers �parallelepipeds� dif-
fers significantly from that of the experimental surface de-
fects �hemiellipsoids� such that we restrict ourselves to the
study of numerical PCs with a quite low filling factor. In-
deed, for high f , the top surface of the parallelepipeds is
equivalent to a metal surface perturbed by air holes whereas
the surface of hemiellipsoids, even when closely packed, is
still very rough. Thus, the SPP modes sustained by numerical
PCs with high filling factors are not expected to be similar to
that of the experimental crystals. The reflectivity maps dis-
played in Figs. 10�b� and 10�d� have been obtained for PC
with a filling factor of, respectively, 0.6% and 28% �L
=30 nm �L=215 nm�, a=430 nm, h=50 nm�. These maps
have been computed by using 196 plane waves in the elec-
tromagnetic field expansion for frequencies standing in the
visible and near-infrared and propagation directions sweep-
ing the boundary of the irreducible Brillouin zone �K��
=0° �, �M��=30° �, and MK. On these maps, the dark areas,
which correspond to low reflectivity, characterize the PC
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SPP modes excitation. Experimentally, we have observed the
near-field response of the crystals illuminated by flat thin-
film SPPs with frequencies distributed into our laser range.
The computed dispersion curve of the flat thin-film SPP is
shown as a dashed line on the reflectivity maps. For the �M
direction, the computation of the textured thin-film reflectiv-
ity has been pushed beyond the limit of the first Brillouin
zone because for frequencies in the short-wavelength part of
our laser range, the flat thin-film SPP excitation is achieved
for wave vectors that are larger than the wave vector corre-
sponding to the high-symmetry point M. Note that, for the
�M direction, the illumination conditions defined by the
points located inside the dark triangles in the lower right
corner of the maps cannot be treated with our model as they
correspond to evanescent waves in the glass substrate.

For a filling factor of 0.6%, narrow energy band gaps
open up at the boundary of the first Brillouin zone. At the
high-symmetry point K, the gap occurring around 1.77 eV
��0=700 nm� is on the short-wavelength side of our laser
range, whereas at M the gap is within this range and centered
around 1.58 eV ��0=784 nm�. These results are in agree-
ment with our experimental observations, in particular the
theoretical center gap frequency in the �M direction is only
few nanometers redshifted with respect to the experimental
one ��0=780 nm for the smallest experimental filling factor
f =7%�. We note that, according to these calculations, a PC
with f =0.6% does not create a full gap in the dispersion
curve of the SPP modes. If the filling factor is increased to
28%, the BGs are clearly enlarged in all propagation direc-

tions creating a full BG around 1.62 eV �764 nm�. At K, the
gap is now about 0.2 eV wide and centered around 1.71 eV
��0=724 nm�. From the analysis of the experimental data
obtained for the �K oriented crystals, we could not conclude
whether the increase of the filling factor enlarges the gap or
redshifts the central gap frequency. This calculation shows
that although a redshift of the central frequency occurs, this
is mainly the BG enlargement that explains the redshift of
the long-wavelength BG edge observed experimentally for
increasing f . Similarly, at the symmetry point M, the increase
of f redshifts only very little the center frequency, whereas a
significant BG enlargement occurs. The central gap wave-
length �790 nm� is found to be one more time in good agree-
ment with the experimental central frequency observed for
the highest filling factors �around 790 nm for f =38%�. The
experimental short-wavelength BG edge �around 770 nm�
seems to be slightly redshifted when compared to the theo-
retical one �750 nm�. Concerning the long-wavelength edge,
the experimental value seems to be out of our laser range, in
agreement with the value of 826 nm obtained numerically.
At this point it should be noted, however, that an accurate
estimate of the BG width is difficult to obtain from our ex-
perimental data not only because of the limited frequency
range of our laser but also because the set of �� ,k�� points
considered experimentally are distributed along the disper-
sion curve of a thin-film SPP �shown as dashed lines in Figs.
10�b� and 10�d�� and thus does not allow us to investigate the
whole range of wave vectors necessary to observe entirely
the BG, as was done, for example, in Ref. 4.

B. PC in-plane reflectivity

We have seen previously that a finite-size PC can reflect
efficiently an incident SPP in directions corresponding to in-
plane scattering provided that the incident frequency belongs
to the crystal band gap. Therefore, the in-plane �or modal�
reflectivity is an interesting parameter as it characterizes the
PC band gap without ambiguity. In principle, the measure-
ment of the PC modal reflectivity is possible by considering
the depth of modulation of the standing-wave pattern ob-
served in the PSTM images �see Figs. 5�c� and 5�d��. How-
ever, this depth of modulation being dependent on the quality
of the tip used to record the PSTM images, only relative
values of the modal reflectivity for different incident fre-
quencies can be obtained in this way. With the aim of char-
acterizing the in-plane scattering efficiency of PC as a func-
tion of the filling factor, we compute in this last paragraph
the modal reflectivity of semi-infinite PC comprised of gold
scatterers with different shapes. As in the experiment, we
consider that a SPP launched on a flat gold interface is inci-
dent onto a semi-infinite PC region with a given orientation
�K or �M �see Fig. 11�a��. The geometric parameters used
for the computation are the following: the PC is assumed to
be composed of a triangular array of bumps with a lattice
period a=430 nm and the bumps have either a cylindrical or
a hemi-ellipsoidal shapes with a 50-nm height �see Fig.
11�b��. Gold is considered as a real metal with a finite con-
ductivity and its frequency-dependent permittivity is taken
from Ref. 18. The incident SPP is supposed to be excited at
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FIG. 10. �a� and �c� Top view of two numerical PC with a period
of 430 nm and a filling factor of, respectively, 0.6% and 28%. �b�
and �d� Reflectivity maps computed for the PC with, respectively,
f =0.6% and 28%. To increase the contrast of the low reflectivity
areas, the color scale is ranging from R=80% �black� to R=90%
�white�. The dark areas are related to large absorption and thus
correspond to SPP mode excitation. On each diagram, the solid
lines show the light line of air, the dashed line is the dispersion
curve of a flat thin-film SPP, and the dash-dotted lines are the limits
of our laser frequency range. The symmetry points defining the
irreducible Brillouin zone are shown on each diagram. Note that the
� point is not reached. On these plots, the abscissa is the in-plane
wave-vector component of the incident plane wave for each part of
the irreducible Brillouin zone boundary including for the MK
segment.
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the interface between two semi-infinite gold/air half-spaces.
Although this situation departs from the experimental one �a
50-nm-thick gold film is used in the experiment for the pur-
pose of the Kretschmann-Raether SPP excitation�, it allows
us to compute the intrinsic �or optimum� modal reflectivity
of the PC as the use of a bulk metal interface prevents leak-
ages from the SPP radiation into the dielectric substrate sup-
porting the gold thin film. The 3D frequency-domain modal
method used for the computation is described in Ref. 27. In
brief, the method relies on an analytical integration of Max-
well’s equations along the incident direction and on a super-
cell approach in the two others. Periodic boundary conditions
are used in the y direction and perfectly matched layers
implemented as nonlinear coordinate transforms28,29 are used
in the z direction to carefully handle out-of-plane far-field
radiations in the air clad. Since these layers absorb noneva-
nescent radiations, the electromagnetic fields are null on the
z boundaries of the supercell and are thus periodic functions
of the z coordinates. This allows the calculation of the radi-
ated and guided modes in a Fourier �plane-wave� basis in
each layer �the hemi-ellipsoidal bumps are discretized in a
series of thin uniform layers in the incident direction� and the
integration in the incident direction by relating recursively
the mode amplitudes in the different layers using a scattering
matrix approach. Convergence tests have been performed to
estimate the accuracy of the computational results by in-
creasing the truncation rank N of the electromagnetic field
Fourier expansions in the transverse y and z directions from
N= ±1 to N=35 �i.e., 5041 plane waves�. Stable results for
the modal reflectivity have been obtained for N�16, letting
us expect an absolute error of 0.01 on the calculated data.
Thus the only approximation results from the staircase pro-

file used to numerically encode the hemi-ellipsoid �see Fig.
11�b��. The computed data have also been cross-checked
with other available data. For instance, a quantitative agree-
ment has been obtained with the computational results of
Fig. 1 in Ref. 17 although the two methods are totally differ-
ent from a numerical point of view.

Figures 12�a� and 12�b� show the modal reflectivity com-
puted over a broad spectral interval in the case of an incident
SPP traveling, respectively, along the �K or �M directions.
For the �K direction, the total modal reflectivity is found to
be the sum of the specular reflectivity denoted by R0 hereaf-
ter and the positive �R1� and negative �R−1� first-order scat-
tered SPPs �see Fig. 11�a��. The curves displayed in Fig.
12�a� have been obtained for a filling factor of 41% and
hemi-ellipsoidal scatterers. The calculation confirms the ex-
istence of a band gap centered around �=680 nm, a wave-
length out of the tunability range of the titanium-sapphire
laser used in the experiment. Moreover, we note that the
reflection mostly occurs in the negative and positive first-
order �R1+R−1 reaches approximatively 50% with R−1=R+1
for symmetry reasons� whereas the specular reflectivity re-
mains rather low �R0�7% �. This fully explains the hexago-
nal near-field pattern of Fig. 5�c�. For an incident SPP trav-
eling along the �M direction, the SPP reflection occurs only
in the specular direction. Therefore, the curves plotted in Fig.
12�b� show the specular reflectivity R0 computed for PCs
with different filling factors and composed of hemi-
ellipsoidal scatterers. Although the central gap frequency of
the PC with a small filling factor is blueshifted with respect
to the experimental results �by about 5%�, the computational
results strongly support the experimental trends. On the one
hand, the diminution observed experimentally in the inner
crystal penetration depth is due to an increase of the reflec-
tivity and not to some additional losses in the corrugated
metal. On the other hand, the broadening of the band gap
highly depends on the filling factor of the hemi-ellipsoidal
bumps. Nevertheless, for large filling factors this broadening
is achieved at the expense of the maximal reflectivity, which
is higher for f =10% than for f =38%. Therefore, a compro-

FIG. 11. Definition of the physical and numerical parameters
used for the computational results of Fig. 9. �a� SPP scattering prob-
lem. The depicted situation corresponds to a SPP normally incident
from the �K direction. �b� Staircase approximation of the hemi-
ellipsoidal bumps used for the calculation. Light gray shadow: cy-
lindrical bump. Dark gray shadow: actual hemi-ellipsoidal bump.
Black curve: staircase approximation.

FIG. 12. Computational results for the SPP modal reflectivity
for the �M �R0� and �K �R0 and R−1+R+1� directions. �a� and �b�
are relative to the hemi-ellipsoidal shapes actually fabricated. �c�
and �d� are relative to ideal cylindrical shapes. In �a� and �c� the
filling factor is f =41%.
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mise has to be found between the band-gap width and the
maximal reflectivity. It should also be noted that the spectral
evolution of the modal reflectivity is very similar to that of
the confinement factors displayed in Fig. 4�d�. In particular,
the short-wavelength band-gap edge is found to be more
abrupt than the long-wavelength one on both the experimen-
tal plots of the confinement factor and the modal reflectivity
curves obtained for the �M oriented crystals. This behavior
can be attributed to the appearance of an out-of-plane scat-
tered order for wavelengths that are shorter than the central
gap wavelength. Indeed, the appearance of an out-of-plane
channel for the SPP scattering necessarily reduced the in-
plane SPP scattering efficiency and thus the modal reflectiv-
ity of the PC. Finally, we stress another important issue,
namely the shape of the bumps. Up to now, we have consid-
ered hemi-ellipsoidal bumps as close as possible to the actual
bump shapes. If we consider perfectly cylindrical bumps �see
Fig. 11�b��, the results are rather different, as illustrated in
Figs. 12�c� and 12�d�. A direct visual comparison with Figs.
12�a� and 12�b� evidences that for both directions, the band
gap is wider and the reflectivity higher for the cylinders than
for the hemi-ellipsoids. Indeed, a small change of the bump
profile can deeply modify the properties of the PC, which
shows the importance of the fabrication process.

VI. CONCLUSION

In summary, we have operated a PSTM to study the in-
fluence of the filling factor on the optical properties of plas-
monic crystals comprised of finite-size triangular gratings of
gold bumps deposited on a gold thin film. By considering
either the penetration length of an incident thin-film SPP into
the crystals or the SPP field confinement inside a line defect
open through the crystals, we have found that changing the
filling factor of a PC can dramatically modify its properties.
In particular, we have demonstrated experimentally the band-
gap enlargement for increasing values of the filling factor in
the two high-symmetry propagation directions �M and �K.
These results have been further confirmed by computing
with the differential method the reflectivity of metallic thin

films textured by triangular lattices of gold parallelepipeds.
Based on these reflectivity computations, we have plotted the
dispersion curves of the SPP modes sustained by PC. These
SPP dispersion curves exhibit the expected energy BG at the
boundary of the irreducible Brillouin zone. In agreement
with our experimental results, these gaps are enlarged by an
increase of the filling factor, and a moderate redshift of the
central gap frequency occurs in the �K direction. From both
numerical and experimental results, we conclude that a care-
ful choice of the filling factor is necessary to optimize the
performances of PC. In particular, by choosing the correct
filling factor, an overlap of the BG in several propagation
directions can be obtained leading to an efficient SPP field
confinement into line defects oriented along these directions
and, eventually, to low loss SPP propagation, bending and
splitting with these defects. Note, however, that such a mul-
tidirectional efficient SPP field confinement may still turn out
to be not sufficient to achieve high SPP transmission along
bent line defects. Indeed, a vanishing density of surface
modes at a given frequency for different directions does not
prevent from the losses related to inelastic-scattering process
and then a short lifetime of line defect SPP modes. Finally,
we would like to emphasize that there exist other more im-
portant and fascinating applications of PC structures than
those related to guiding �bending, splitting, etc.� of radiation.
One can, for example, employ SPP propagation along PC
channels near the BG edges for significantly slowing down
the SPP propagation, similar to what has been recently
accomplished with conventional photonic crystal
waveguides,30 a phenomenon that exhibits rich physics and
can be advantageously exploited for increasing efficiency of
nonlinear optical interactions adding up to the contribution
from the SPP related field enhancement.
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