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S
urface plasmon polaritons (SPPs) are
collective charge oscillations coupled
to light that propagate along a metal-

dielectric interface. One strategy to achieve

efficient SPP excitation is to pattern the

metal surface; then, the momentum mis-

match between SPPs and free-space light

can be bridged by Bragg vectors inherent

in the periodic nanostructures.1,2 The in-

tense, localized electromagnetic (EM) fields

associated with SPPs can be used to ma-

nipulate and enhance light-matter interac-

tions at subwavelength scales.3 Hence, peri-

odic metallic nanostructures (so-called

plasmonic crystals in two dimensions (2D)4)

are considered as promising plasmonic

components for thin-film photovoltaics,5

light emitting devices,6,7 optical switches,8

label-free sensors,9�11 and negative index

metamaterials.12

Recent advances in nanofabrication

techniques such as e-beam lithography, fo-

cused ion beam (FIB) milling, soft nanoim-

print lithography, and soft interference li-

thography (SIL) have revived interest in

plasmonic crystals.13�17 Periodic structures

with subwavelength feature sizes (�200

nm) on small pitches (a0 � 400�600 nm)

can now be obtained and which are neces-

sary to generate low-order Bragg reso-

nances at visible wavelengths. The ampli-

tudes of low-order resonances are stronger

than high-order ones because the probabil-

ity of scattering by single Bragg vectors is

much larger than multiple scattering

events.18 Moreover, SIL can easily pattern ar-

rays of nanostructures in parallel, over

wafer-scale areas, and in 2D. Compared to

one-dimensional (1D) gratings, two-

dimensional arrays offer more flexibility to

optimize and tune resonances from SPPs

propagating in different directions and are

advantageous for applications that require
light-matter interactions over a large solid
angle.

Most work on plasmonic crystals has fo-
cused on highly symmetric lattices such as
square and hexagonal lattices.13,14,19 There
are, however, three other types of Bravais
lattices in 2D: oblique (p2), rectangular
(pmm), and rhombic (cmm). Because of the
fabrication challenges in creating large-
area, subwavelength plasmonic crystals
with arbitrary lattice symmetries, there are
few reports on how the lattice symmetry af-
fects the optical properties. In addition, the
two excitation angles (�, the polar angle
relative to normal incidence, and �, the azi-
muthal angle relative to a specific lattice di-
rection) affect the SPP-light coupling pro-
cess, but there have been few systems
investigated out to large � and � because
the patterned areas were not large enough.
Recent work has demonstrated that
changes in � can have a significant effect
on the properties of 1D gratings and can be
adjusted to optimize the sensing perfor-
mance;20 however, �-dependent optical
properties have not been investigated in
2D plasmonic crystals.

Here we report a variation of SIL that
can produce cm2-area rhombic plasmonic
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ABSTRACT The angle-dependent optical properties of rhombic plasmonic crystals are described. We show

that by extending the capabilities of soft interference lithography, subwavelength periodic patterns with arbitrary

2D Bravais lattices can be generated. In addition, we demonstrate that by lowering the plasmonic crystal lattice

symmetry, degenerate conditions can be lifted and more plasmon bands can be excited within a fixed wavelength

range. Degeneracies were also removed by changing the polar and azimuthal angles of excitation and visualized

in dispersion diagrams. Anticrossings between different plasmon bands were observed to depend significantly on

the local refractive index and the excitation direction.
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crystals. We demonstrate that a large number of plas-

mon resonances can be generated in the visible range

by lowering the lattice symmetry and/or aligning the

light excitation along low-symmetry crystal directions.

These results offer a new route toward broadband plas-

monics by (i) engineering lattice symmetries to lift SPP

mode degeneracies, and (ii) controlling independently

the two excitation angles (�, �). Also, interesting physi-

cal phenomena, such as anticrossings between SPP

bands, and band gaps at Brillion zone boundaries, were

observed to depend strongly on the local refractive in-

dex and the excitation direction.

RESULTS AND DISCUSSION
Figure 1A depicts the fabrication scheme to create

rhombic plasmonic crystals. First, a SIL-line photomask

was produced by molding PDMS21 against a high qual-

ity Si master patterned with an array of 1D ridges (width

d � 100 nm, height h � 400 nm, pitch a0 � 400 nm).

Next, the SIL mask was placed in conformal contact with

a positive-tone photoresist layer (Shipley 1805, thick-

ness t � 100 nm) on a Si (110) wafer, and two sequen-

tial UV exposures (with an angle � � 67°) were per-

formed. A rhombic array of elliptical photoresist posts

resulted after development. After deposition of a thin

layer of Cr (10 nm) and lift-off, the Si (110) substrate was

anisotropically etched in KOH,15 which resulted in hex-

agonal pits consisting of six {111} planes below the per-

forated Cr film (Supporting Information, Figure S1).

The Cr mask was then removed to reveal an etched Si

template with a rhombic lattice (Figure 1B). We depos-

ited 70 nm of Ag on the template to create rhombic

plasmonic crystals (Figure 1C). Other types of lattice

symmetries can be generated using an SIL-line mask

by changing the second exposure angle (Supporting In-

formation, Figure S2) or by performing the second ex-

posure through a different line mask with a different

pitch.

Figure 2 depicts the rhombic plasmonic crystal in

real space and reciprocal space. The two primitive vec-

tors a1 and a2 of the rhombic lattice can be expressed in

terms of the unit vectors x̂ and ŷ (Figure 2A), where a1

� 1/2(axx̂ � ayŷ), a2 � 1/2(axx̂ � ayŷ). According the SEM

image, ax � 728 nm and ay � 480 nm. Using the or-

thogonal relation ai · bj � 2��ij,22 the corresponding re-

ciprocal lattice vectors b1 and b2 (Figure 2B) can be con-

structed, where b1 � 2�(ax
�1x̂ � ay

�1ŷ), b2 � 2�(ax
�1x̂

� ay
�1ŷ). Hence the Bragg grating vectors can be ex-

pressed as Gij � ib1 � jb2 	 (i, j), where i and j are

integers.

Figure 3A defines the excitation conditions for our

system. The SPP Bloch modes generated under the

Bragg coupling condition can be described by the fol-

lowing dispersion relation1

ω
c � εdεm

εd + εm
) |k| + Gij| (1)

where 
d and 
m are the relative permittivities of the di-

electric and the metal, and k� is the in-plane wavevec-

tor of incident light whose magnitude k� � k0 sin � �

Figure 1. (A) Scheme for fabricating rhombic plasmonic crystals; (B)
scanning electron microscopy (SEM) image of a Si template pat-
terned with a rhombic lattice; (C) SEM image of Ag rhombic plas-
monic crystals.

Figure 2. (A) Real space lattice vectors superimposed on a Ag
rhombic plasmonic crystal. a1 and a2 are the primitive vectors with
magnitudes ax � 728 nm and ay � 480 nm. (B) First Brillouin zone
with reciprocal lattice vectors b1 and b2.
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(�/c) sin �. These SPP Bloch wave modes describe how
SPP waves propagate along a periodically patterned
metal/dielectric interface. If � � 0° is when k� is along
the x-axis, the dispersion relation for a rhombic plas-
monic crystal can be explicitly expressed as

ω
c � εdεm

εd + εm
)

�(k| cos φ + i
2π
ax

+ j
2π
ax

)2
+ (k| sin φ - i

2π
ay

+ j
2π
ay

)2

(2)

Figure 3B�D illustrate how SPP-Bloch wave mode
degeneracies can be lifted either after (i) the crystal
symmetry is reduced or (ii) the excitation direction is
along a low symmetry direction. For a hexagonal lat-
tice, all six lowest order Bragg vectors have the same
magnitude (Figure 3B). Correspondingly, the six lowest
order SPP modes are degenerate in energy at normal in-
cidence (k� � 0). When the excitation direction is along
� � 0°, the mirror symmetry of the hexagonal lattice re-
quires that the SPP wavevectors (kSPP) of the (0,1) and
the (1,0) modes have the same magnitude even when
k� � 0. As a result, their plasmonic bands are degener-
ate in the dispersion diagram (Figure 3B, right panel); a
similar situation exists for the degeneracy between the
(�1,0) and (0,�1) modes. When the hexagonal lattice
is reduced in symmetry to a rhombic lattice (Figure 3C),
the six lowest order Bragg vectors no longer have the
same magnitude. Four vectors still have the same mag-
nitude as the hexagonal case in Figure 3C, but the other
two vectors sit on a higher wavevector circle. These de-
generacies are easily visualized in the dispersion dia-
grams, where there are now two branches of SPP
modes at normal incidence (k� � 0): one branch is at
higher energy, and the other has the same energy as
the hexagonal case. The (0,1) and (1,0) modes as well
as the (�1,0) and (0,�1) modes remain degenerate
when k� � 0 because k� is along a mirror symmetry di-
rection (� � 0°). Noticeably, the band from the (�1, �1)
mode crosses with the bands from the (0,1)/(1,0) modes
and the (0,�1)/(�1,0) modes. When � deviates from a
high symmetry direction (e.g., when � � 15°), the two
sets of degenerate modes split into individual ones
when k� � 0 (Figure 3D), and all degeneracies have
been lifted.

Figure 4 shows two sets of reflection spectra mea-
sured in air at different incident angles �, where k� was
aligned along the two mirror symmetry directions (� �

0° and 90°). Dips characteristic of the excitation of SPPs
were observed in all reflectance spectra. By matching
the calculated positions of the SPPs resonances (eq 2)
with the measured spectral features, we could assign
specific modes to these dips. 
m values of Ag were taken
from the literature by Johnson and Christy.23 Figure 4A
shows that when � � 0°, a relatively broad dip (cen-

tered at 460 nm) separated into two narrower reso-

nances as � increased from 10° to 60°. The dispersive na-

ture of the (�1, �1) mode, which shifted linearly to

longer wavelengths with increasing �, was very differ-

ent from the (�1,0)/(0,�1) modes, which shifted from

480 nm at � � 20° to 502 nm at � � 40° and then slowly

back to 498 nm at � � 60°. Moreover, we found that

Figure 3. (A) Cartoon defining the orientation direction of incident
light (�, �) with respect to the rhombic lattice. (B�D) Schemes in-
dicating the Bragg excitation of the lowest order SPP modes and
their corresponding dispersion curves calculated from eq 2, where
(B) is a hexagonal lattice with k� along a high symmetry direction (�
� 0°); (C) is a rhombic lattice with k� along a high symmetry direc-
tion (� � 0°); and (D) is a rhombic lattices with k� along a low sym-
metry direction (� � 15°). Black arrows indicate the crossing points
between different bands.
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the line width of the (�1, �1) mode was much nar-

rower than that of the (�1,0)/(0,�1) mode at all inci-

dent angles. This effect can be attributed to the longer

SPP decay time associated with the smaller Rayleigh-

like scattering cross-section and less electron damping

in longer wavelength resonances.24 When � was greater

than 40°, an apparent bump can be observed close to

the dip of (�1, �1) mode, which is associated with a

Rayleigh anomaly (RA), where the incident light is dif-

fracted parallel to the grating structures (see Support-

ing Information).

When � was changed from 0° to 90° (Figure 4B),

the reflection spectra showed two dips associated with

the (1,0)/(0,�1) and (�1,0)/(0,1) modes at low angles (�

�10°). As � was increased, the position of the (1,0)/

(0,�1) mode monotonically shifted to longer wave-

lengths, while the position of the (�1,0)/(0,1) mode

shifted to shorter wavelengths. The percentage of en-

ergy transferred from free-space photons to SPP modes

can be estimated by a coupling efficiency 
, which is

defined as the depth of the SPP resonance normalized

by the reflection intensity baseline.10 Although the (1,0)/

(0,�1) mode at � � 90° exhibited dispersive trends

similar to the (�1,�1) mode at � � 0°, its 
 dropped

from a high value (�85%) at low angles (� � 10°) to a
much lower one (�38%) at � � 60°. This observation
may be attributed to the SPP propagation direction of
the (1,0)/(0,�1) mode shifting away from the polariza-
tion direction of the incident light with increasing �. In
contrast, 
 of the (�1,�1) mode at � � 0° changes
much slower with increasing �.

To discriminate among the spectral features in Fig-
ure 4, dispersion diagrams were constructed (Figure 5).
Each of the measured dispersion diagrams were super-
imposed with the calculated curves of SPP Bloch wave
modes (red, short dashed curves) and RAs (blue, long
dashed curves). With k� along kx (� � 0°), two plasmon
bands associated with the (�1,�1), and (�1,0)/(0,�1)
modes were observed (Figure 5A�C). These measured
bands matched well with the calculated dispersion
curves of the SPP modes, especially at high wavevec-
tors. The plasmon band associated with the (�1,�1)
mode was very dispersive, while the band associated
with the (�1,0)/(0,�1) modes was much less so. The cal-
culated dispersion curves of the (�1,�1) and (�1,0)/
(0,�1) Bloch modes crossed at 2.93 �m�1 (2.64 eV);
however, we did not observe a simple overlap of bands
in this region (Figure 5A). Instead, the (�1,�1) band
was slightly shifted to lower E compared to the calcu-
lated curve, and both bands from the (�1,�1) and
(�1,0)/(0,�1) modes were broadened. This observa-
tion can be attributed to the anticrossing effect be-
tween two coupled SPP modes when they have the
same energy and wavevector.25,26 Strong coupling be-
tween different SPP modes can significantly slow down
SPP propagation and increase the SPP density of
states.26,27 Also, in these anticrossing regions, the near-
field intensity of SPPs can be further enhanced, which is
advantageous for sensing applications. Anticrossing
phenomena have also been observed in other plas-
monic systems between localized surface plasmon (LSP)
and SPP modes,24,28 SPP and photonic modes,29 and
photonic and LSP modes.30 Although individual pits
with sharp edges and corners are likely to support LSPs,
we did not observe signature LSP features in the disper-
sion diagrams. This result suggests that the pits embed-
ded in the continuous metallic�dielectric interface did
not act as isolated plasmonic structures. We cannot ex-
clude the possibility, however, that LSP modes were ex-
cited initially and then quickly decayed through near-
field coupling and transformed into SPP modes.

By increasing the n of the superstrate, we could re-
solve two higher energy plasmonic bands: the (1,1)
and the (1,0)/(0,1) modes (Figure 5B�C). Since the
propagation direction of the (1,1) mode is along the po-
larization direction of the incident light (projected on
the surface) (Figure 3C), the coupling efficiency 
 of the
(1,1) band is much higher than that of the (1,0)/(0,1)
band (
(1,1) � 64% and 
(1,0)/(0,1) � 31% at � � 10° and
n � 1.52). Also, in Figure 5C, a clear band gap was ob-
served around 2.54 eV when the SPP wavevector of the

Figure 4. Angle-dependent reflection spectra of Ag rhombic plas-
monic crystals with k� along (A) � � 0° and (B) � � 90°. The sample
was illuminated in air using p-polarized white light. The red bands
represent the position of the SPP modes calculated using eq 2, and
the blue bands denote the position of RAs.
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(1,1) mode crossed a high order Brillouin zone bound-

ary (|kSPP| � |G1,1 � k�| � (2 � 2�/ax) � 2�/ax � 25.8

�m�1), where k� � 2�/ax � 8.6 �m�1. This band gap is

induced by standing waves formed by the interference

between forward and backward scattered SPP waves.19

Figure 5D shows that when k� is along ky (� � 90°),

the measured dispersion diagram showed bands with

shapes different from those at � � 0°. By increasing the

superstrate n, more features related to SPPs and RAs

were resolved, and three plasmonic bands associated

with the (1,0)/(0,�1), (1,�1), and (�1,0)/(0,1) modes

were observed. Anticrossing between the (�1,0)/(0,1)

and (1,1)/(�1,�1) modes were observed when the cal-

culated dispersion curves crossed 1.88 �m�1 (2.42 eV)

for n � 1.29 (Figure 5E) and 1.96 �m�1 (2.08 eV) for n �

1.52 (Figure 5F).

Figure 6 shows two series of dispersion diagrams

when k� is along two low symmetry directions of the

rhombic crystal (� � 35° and � � 55°). As expected, the

dispersion properties of the rhombic plasmonic crys-

tals were very sensitive to �. Previously degenerate

plasmonic bands ((�1,0)/(0,�1) and (1,0)/(0,1) modes

for � � 0°; (�1,0)/(0,1), (1,0)/(0,�1), and (1,1)/(�1,�1)

modes for � � 90°) were no longer so, and more plas-

monic bands were observed in the dispersion diagrams.

Hence, the amount of energy trapped from the inci-

dent light as SPPs in plasmonic crystals not only de-

pends on the structural properties of the lattice but also

on the in-plane excitation direction.

Interestingly, we found that the appearance of the

anticrossings in the dispersion diagrams depended on

the excitation direction of incident light and the super-

strate n. Figure 6 panels A�C show that when � � 35°,

the wavevector location of the anticrossing was fixed

(k� � 2 �m�1) but the E changed as a function of the su-

perstrate n. Also, the anticrossing between the (�1,�1)

and (�1,0)/(1,0) modes produced two bands of similar

strength (Figure 6C). In contrast, when � � 55°, the cal-

culated dispersion curves of both (�1,�1) and (1,0)

modes became less dispersive (Figure 6D), and the an-

ticrossing between these two modes produced a

stronger band at higher E and lower k�, and a weaker

Figure 5. Dispersion diagrams of Ag rhombic plasmonic crystals derived from angle-dependent reflection spectra along high symmetry
excitation conditions. (A�C) � � 0°, with n � 1.0, 1.29, 1.52, and (D�F) � � 90° with n � 1.0, 1.29, 1.52. Red, short dashed curves are cal-
culated SPP waves, and blue, long dashed curves are RAs. Red arrows mark the anticrossing regions, and white arrows indicate band
gaps at Brillouin zone boundaries.
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band at lower E and higher k�. Unlike the situation with
� � 35°, the location of the anticrossing between the
(�1,�1) and (1,0) modes shifted significantly to higher
values of k� with increasing superstrate n (Figure 6D�F).

CONCLUSIONS
In summary, we have demonstrated that SIL can be

used to create low symmetry plasmonic lattices over
cm2-areas. Rhombic plasmonic crystals generated more
plasmon modes compared to more symmetric lattices
within a fixed wavelength range. Excitation directions
along low-symmetry lattice directions also were able to
lift degeneracies in the dispersion diagrams to form

more resonances. Moreover, anticrossings resulting
from coupling between different plasmon modes were
observed in the dispersion diagrams; these correspond
to regions of slower SPP propagation and further con-
centration of the localized fields. Because the shapes
and positions of these anticrossings are very sensitive
to changes in refractive index at optimized excitation
directions, we anticipate that they could be useful for
chemical and biological sensing. Most importantly, our
versatile fabrication method provides new opportuni-
ties to design plasmonic crystals with arbitrary 2D lat-
tices so that plasmons can be easily tuned over a
broader spectrum.

EXPERIMENTAL SECTION
Angle-Dependent Optical Measurements. Using a home-built, auto-

mated rotational stage, zero-order reflection spectra were mea-
sured from � � 10° to 60° in increments of 1° for a fixed azi-
muthal angle �. Collimated TM-polarized (p-polarized) white
light from a halogen lamp (100 W) was used to illuminate the
sample. The size of the illumination spot on the sample was 2

mm. The reflected light was collected and coupled into a
bundled optical fiber connected to a Czerny-Turner spectrom-
eter (Triax 552/LN2�Cooled CCD, Horiba Jobin Yvon, Inc.). We
used a linear interpolation algorithm in MatLab to convert the
measured optical data (wavelength � vs polar angle �) into dis-
persion diagrams (photon energy E vs in-plane wavevector of
light k�). To compare the dispersion properties of rhombic

Figure 6. Dispersion diagrams of Ag rhombic plasmonic crystals derived from angle-dependent reflection spectra along low sym-
metry excitation conditions. (A�C) � � 35°, with n � 1.0, 1.29, 1.52 and (D�F) � � 65° and same superstrate n. Red, short dashed
curves are calculated SPP waves, and blue, long dashed curves are RAs. Red arrows mark the anticrossing regions, and white arrows
indicate band gaps at Brillouin zone boundaries.
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plasmonic crystals with k� along different directions, four differ-
ent � (0°, 90°, 35°, and 55°) were selected. The angles � � 0° and
90° correspond to k� along the two mirror symmetry directions
of the rhombic lattice, while � � 35° and 55° correspond to k�

along two low symmetry directions. These latter directions were
selected because they could be accurately aligned along the
edges of the Si (110) substrate. To visualize resonances at longer
wavelengths, we measured angle-dependent reflection spectra
under different refractive index superstrates (n � 1 for air, and n
� 1.29 or n � 1.52 for oils).
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