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Plasmonic Crystals: A Platform to Catalog Resonances
from Ultraviolet to Near-Infrared Wavelengths in a
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Surface plasmons are responsible for a variety of phenomena, including

nanoscale optical focusing, negative refraction, and surface-enhanced Raman

scattering. Their characteristic evanescent electromagnetic fields offer

opportunities for sub-diffraction imaging, optical cloaking, and label-free

molecular sensing. The selection of materials for such applications, however,

has been traditionally limited to the noble metals Au and Ag because there has

been no side-by-side comparison of other materials. This feature article

describes recent progress on manipulating surface plasmons from ultraviolet

to near-infrared wavelengths using plasmonic crystals made from 2D

nanopyramidal arrays. A library of plasmon resonances is constructed in the

form of dispersion diagrams for a series of unconventional and new

composite plasmonic materials. These resonances are tuned by controlling

both intrinsic factors (unit cell shape, materials type) and extrinsic factors

(excitation conditions, dielectric environment). Finally, plasmonic crystals

means to tailor

resonances for broadband coupling.
1. Introduction
with reduced lattice symmetries are fabricated as another
Plasmonics is a rapidly growing field that encompasses the
science[1–3] and application[4–6] of light manipulation at the
nanoscale using noble metal nanostructures. Surface plasmons
(SPs) are collective charge oscillations that form when light
interacts with the free conduction electrons at a metal–dielectric
interface.[7] Because their concentrated electromagnetic fields are
confined in the near-field, SPs have impacted a diverse range of
fields, from photonics to chemistry.[8,9] For example, regarding
nano-optics, sub-wavelength focusing and nanoscale waveguid-
ing[10] are promising for high-density optical storage[11] and high-
speed optical switches.[12] For artificial metamaterials,[13] SP-
induced negative-index refraction[14,15] can pave the way towards
sub-diffraction-limited imaging[16] and optical cloaking.[17] Also,
for label-free bio/chemical sensing,[18] the local dielectric
sensitivity because of the evanescent fields of SPs are the basis
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for surface-enhanced Raman scattering
(SERS)[19] and surface plasmon resonance
(SPR) sensing.[20] These discoveries are
promising for what we anticipate are the
next frontiers in plasmonics: next-genera-
tion technologies for photonic circuits,
cancer therapy, and sustainable energy.

Most work in plasmonics has tradition-
ally relied on the noble metals Ag and Au
because of their low absorption in the
visible range. There is an urgent need,
however, for testing other unconventional
materials so that not only can the prospects
of SPs be extended into other fields but also
existing applications can be optimized.
Plasmon resonances with specific charac-
teristics are critical for different applica-
tions. For example, ultraviolet (UV) reso-
nances are favorable for nanolithography[21]

while near-infrared (NIR) plasmons are
desirable in photothermal cancer ther-
apy.[22] Narrow SP peaks can exhibit higher
sensitivities in SPR sensing,[20] but broadband excitation is
necessary to enhance photo-absorption in solar cells.[23]

This feature article describes how building a plasmonic
library—adatabaseofplasmonresonances—offers thepossibility
to identify, on demand, specific resonance wavelengths with
desired widths. We will describe how a large-area, nanopyramidal
grating template can enable the creation and side-by-side
comparison of plasmonic crystals composed of a wide range of
materials, includingAl, Cu, Pt, Pd, andmetallo-dielectrics.Wewill
show how resonances can be tuned by exploiting extrinsic factors
such as the incident light excitation directions and local dielectric
environments as well as intrinsic factors such asmaterial type, unit
cell size, and lattice symmetry. Hence, multi-dimensional
characterization of plasmonic resonances and the rational
screening of new plasmonic materials are now possible.
2. Introduction to Plasmonic Crystals

Unlike the bulkmetal plasma, surface plasmons are tailored by the
surface topography of the material in addition to its electric
permittivity (e¼ e0 þ ie00). Hence, plasmon resonances can be
tailored by changing the shape of the unit cell, tuning the lattice
periodicity, and varying the crystal symmetry. Along continuous
eim 529
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metal–dielectric interfaces, SPs propagate in the form of two-
dimensional charge density waves, which are known as surface
plasmon polaritons (SPPs; Fig. 1a). Because of the discontinuity of
the electric permittivity across the metal–dielectric interface
(negative e0 in dielectric, positive e0 inmetal), SPPs have a larger in-
plane momentum kSPP (Equation 1) than free-space light k0
(Fig. 1b).[7] The dispersion relation of SPPs on a flat metal–
dielectric interface can be described with

kSPP ¼ k0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
edem

ed þ em

r
(1)

where ed and em are the electric permittivities of the dielectric and
the metal.

Onemethod togenerate SPPsusing free-space light is to pattern
the metal surfaces with periodic modulations.[7,24] When these
patterns are periodic in two dimensions, they are usually referred
to as plasmonic crystals (Fig. 1c).[25] Additionalmomentum can be
added to k0 to compensate for the momentum mismatch
(Equation 1) and generate so-called SPP–Bloch wave (SPP–BW)
modes (Fig. 1d).[26] The resonant condition for 2D plasmonic
crystals can be described by the Bragg coupling equation

kk þ iGx þ jGy ¼ kSPP (2)

where i and j are integer pairs that specify the order of the SPP–
BW modes. The reciprocal vectors Gx and Gy are inversely
proportional to the grating lattice constant a0 ( Gxj j ¼ Gy

�� ��¼ 2p/a0
for a square lattice). The in-plane wave vector kk of the incident
light is a function of the incident angle u and the azimuthal angle
f (identified between the incident plane and a specific lattice
orientation, here x̂)

kk ¼ k0j j sin u cosfx̂ þ k0j j sin u sinfĝ (3)

Analogous to photonic crystals, plasmonic crystals can exhibit
band structures that depict how the frequency of plasmon
resonances evolves with momentum (Fig. 1d).
sity in 1996 and her Ph.D. from
Harvard University in 2001.
Odom’s research focuses on
controlling materials at the
100-nanometer scale and
investigating their size and

shape-dependent properties. She has developed multi-scale
nanopatterning tools that can generate plasmonic structures
and has pioneered an approach for assembling functional
nanomaterials called chemical nanofabrication.
3. Fabrication and Characterization of Plasmonic
Crystals

To generate plasmonic crystals, we developed a high-throughput
nanofabrication technique—soft interference lithography
(SIL)—that combines the capability of interference lithography
to produce wafer-scale areas of nanopatterns with the versatility of
soft lithography.[27] Unlike costly and time-consuming serial
fabrication approaches such as focused ion-beam milling or
electron-beam lithography for patterning plasmonic materi-
als,[28,29] SIL can create nanostructures with sub-wavelength
spacingsoverwafer-scale areas inminutes.Advantages includenot
only the high uniformity across the large-area pattern of
nanostructures, but also the reproducibility from one sample to
another.

Figure 2 depicts the fabrication procedure. A Si master with an
array of posts (height¼ 400 nm, diameter¼ 100 nm, a0¼ 400 nm)
was first generated using interference lithography.
� 2010 WILEY-VCH Verlag GmbH &
Polydimethylsiloxane (PDMS) was then molded against the
master and removed to create an SIL photomask. This mask
was used in phase-shifting photolithography to produce arrays of
photoresist posts on a Si (100) substrate. A thin layer of Cr was
deposited and then lifted off to generateCrnanoholes. Subsequent
anisotropic etching of the Si substrate through these Cr holes
followed by removal of theCrmask resulted in a 2D square array of
nanopyramidal pits (Fig. 3a–c). The size of the pyramidal unit cell
Co. KGaA, Weinheim Adv. Funct. Mater. 2010, 20, 529–539



F
E
A
T
U
R
E
A
R
T
IC

L
E

www.MaterialsViews.com
www.afm-journal.de

Figure 2. Fabrication process to create wafer-scale plasmonic crystals.

Adapted from Ref. [27].

Figure 3. Nanopyram

pits on a 400-nm pit

areas. d,e) Ag and Au

surface modulation

Ref. [30].

Figure 1. Scheme of SPPs and dispersion relations. a) SPPs propagate in the form of surface

charge density waves at a metal–dielectric interface. b) The dispersion relation of SPPs at flat

interfaces (solid line) is outside of the light cone (shaded area). c) The momentum (wave vector)

mismatch between SPPs and free-space light can be bridged by a periodic metal grating, which

adds an extra in-plane wave vector of G. d) SPP dispersion diagrams of gratings are depicted as

periodic band structures (gray dashed lines).

Adv. Funct. Mater. 2010, 20, 529–539 � 2010 WILEY-VCH Verlag GmbH & Co. KGaA,
was easily controlled from 220 to 350 nm (base
length) by adjusting the anisotropic etching
time. Different metals were deposited by
e-beam evaporation (Ag, Au, Al, Cu, Pd)[30] or
by magnetic sputter coating (Pt) directly onto
the Si template without an adhesion layer.
Figure 3d and e depict top-down views of Ag
and Au plasmonic crystals, and shows that the
pyramidal profile of the Si template was well
preserved.

To investigate the plasmonic properties of
nanostructures, most work has used optical
microscopes because the patterned areas are
typically small (<mm2).[28] The large numerical
apertures (NA> 0.3) of microscope condenser
and objective lenses, however, unavoidably
generate SPP–BW modes within a wide range
of excitation angles. Thus, under wide-angle
measurements, the resonances can be broad-
ened because Equations 2 and 3 predict that
the SPP resonant wavelength depends on u and
f of the free-space light (Fig. 4a). Observation of
fine spectral features such as plasmonic
bandgaps[31] can be obscured under large-NA
illumination. Moreover, the effects of different
excitation directions (u and f) on specific
plasmon modes could not be characterized
because of the small working distance of the
objective lenses. To identify, analyze and
manipulate SPP resonances in plasmonic
crystals, the characterization of angle-resolved
SP modes needs to be performed with small
excitation and collection NAs.
idal gratings fabricated using SIL. a–c) Pyramidal

ch were patterned on a Si (100) wafer over cm2-scale

metal films deposited on the Si template retained the

and formed plasmonic crystals. Adapted from

Weinheim 531
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Therefore, we designed a motorized rotational stage with
independent control over u (angular accuracy�0.0058) and f, and
we usedmultiple iriseswith diameters< 1mm to confine theNAs
of both incident andoutput beams to smaller than0.01 (divergence
angle <0.48; Fig. 4b and c). Wafer-scale plasmonic crystals make
possible the acquisition of zero-order (specular) optical reflection
spectra out to large incident angles (u¼ 768), where the incident
light is p-polarized white-light illumination (100-W halogen–
tungsten lamp). Plasmon resonances in reflection spectra are
observed as dips because the energy of the SPPwaves is dissipated
as ohmic loss in the metals.
4. Tuning Plasmon Resonances by Extrinsic
Factors: u, n
The Ag plasmonic crystals in Figure 3d were characterized by
varying two extrinsic factors: the incident angle u and the refractive
Figure 4. Angle-resolved spectroscopy for optical characterization of plas-

monic crystals. a) Scheme showing the excitation conditions u, which is the

angle of incident angle relative to normal, and f, which is the azimuthal

angle of the incident plane relative to the x-axis. b) Scheme and

c) photograph of the rotational stage for the optical measurements of

the plasmonic crystals.

Figure 5. Angle-resolved reflection spectra of an Ag plasmonic crystal.

Under n¼ 1.65 (f¼ 08), three resonances were evident as spectral dips in
the visible and near infrared regions. The SPP–BW modes (gray bands)

predicted using Equation 2 matched well with the angular evolution of the

measured resonances

� 2010 WILEY-VCH Verlag GmbH &
index n ¼ ffiffiffiffi
ed

p
of the dielectric superstrate. Figure 5 demonstrates

that the plasmon resonances can be tuned by varying the incident
angle u at a fixed f (¼08). Notably, different resonances shifted
differently with u. Specifically, the (�1,0) mode redshifted with
increasing u, while the (0,� 1) and (1,0) modes blueshifted. These
trends were in good agreement with the predictions from
Equation 2 (Fig. 5, gray lines), which indicated that the resonances
observed in the Ag plasmonic crystals were SPP–BW modes.

In contrast to how different SPP modes evolved with u, all
resonances shifted to longer wavelengths as n increased. The
(�1,0)mode shifted from505 nmat n¼ 1.00 to 766 nmat n¼ 1.65
(Fig. 6a), and many other high-order SPP–BW modes can be
observed under large n (not labeled). Interestingly, under near-
grazing-angle excitation (u¼ 648), not only were the resonances
pushed into the near-infrared (NIR) region, but also the widths of
the dips became significantly narrower. For Ag plasmonic crystals
with a superstrate n¼ 1.52, the full-width- at-half-minimum
(FWHM) of the (�1,0)mode was reduced from 22 nm (51meV) at
u¼ 68 (Fig. 6a) to less that 6 nm (7meV) at u¼ 648 (Fig. 6b).

The narrowing of the resonances can be related to the increased
propagation length (Li) of the SPP waves along the grating surface
Co. KGaA, Weinheim Adv. Funct. Mater. 2010, 20, 529–539
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Figure 6. Reflection spectra of a Ag plasmonic crystal under small- and large-angle excitation.

Significant narrowing of the (�1,0) mode was observed from a) u¼ 68 to b) u¼ 648 (f¼ 08 for
both).
under increased illumination angles. Li at different SPP
wavelengths (lSPP) on a flat Ag surface were calculated using
experimentally determined permittivities[32–34] to estimate the
propagation length of SPP waves on a patterned Ag surface,
although thepresence of scattering centers (i.e. pyramidal pits) can
proportionally reduce Li via radiative loss. Li of the (�1,0) mode at
u¼ 138 (Fig. 7, solid circles) appeared to be similar at different n,
although the resonant wavelengths were different. As the
incident angle becomes larger, Li increases significantly. Hence,
more coherent coupling can occur via interactions among a
larger number of unit cells, which leads to narrower resonances
at high-u excitation. This resonance narrowing effect is not
materials-restricted and has also been observed in Au plasmonic
crystals.[30]
Figure 7. Propagation length Li of SPPs on a flat Ag surface. Li was

calculated with the dielectric medium n¼ 1.00 (dashed–dotted), 1.29

(dashed) and 1.52 (solid). The (�1, 0) mode in different dielectric

environment and under different excitation angles are marked in symbols.
5. Constructing SPP Dispersion Diagrams

Although reflection spectra depict the shape and width of
individual plasmon resonances, SPP dispersion diagrams offer
a visual examination of how the SPP–BW modes evolve with
incident in-plane momentum kk. Dispersion diagrams are
constructed in the form of 2D grayscale maps by stitching
together a series of angle-resolved spectra and then converting the
map to E � kk to depict plasmonic crystal band structures. The
brightness denotes the reflection intensity. SPP–BW modes that
are degenerate and overlap with each other under normal
incidence excitation (u¼ 08) can be easily identified at high kk
in the diagrams. In addition, for 2D plasmonic crystals, dispersion
diagrams along different reciprocal lattice directions can be
mapped by varying the azimuthal angle f.
Adv. Funct. Mater. 2010, 20, 529–539 � 2010 WILEY-VCH Verlag GmbH & Co. KGaA,
As depicted in Figure 8a, a plasmonic crystal
with a square lattice has a square reciprocal
lattice. Byfixingf¼ 08 (right panel) andf¼ 458
(left panel), SPP dispersion diagrams along two
high-symmetry axes G-X and G-M can be
obtainedby compilinga seriesof angle-resolved
spectra (u¼ 6–708, increment¼ 18). Figure 8b
depicts dispersion diagrams of Ag plasmonic
crystals (Fig. 3d) with a superstrate of air
(n¼ 1.00). Along G-X, a distinct plasmon
resonance (dip) shifted to lower energies as
the wave vector (angle) increased. The overall
trends of this mode were in good agreement
with the simpledispersion relationpredictedby
Equation1 (Fig. 8b, solid lines),which indicated
that the resonance originated from the (�1,0)
mode. A Rayleigh anomaly,[35] which is an
optical phenomenon corresponding to light
diffracted parallel to the metal surface, is
represented by the dashed line.

The SPP–BW modes along G-M (Fig. 8c–d,
left panels) exhibited different dispersion
relations and relative intensities compared to
G-X (right panels). Along G-M, the (�1,�1) and
(�1,þ1)modeswere no longer degenerate, and
the (�1,�1) mode appeared to be the deepest
resonance (darkest in thedispersiondiagrams).
In contrast, along G-X the lowest SPP–BW mode (�1,0) had the
deepest and narrowest resonance. Considering the in-plane
momentum kk of the incident light, we found that the most
efficient SPP coupling occurred when kk was aligned along the
direction where additional momentum was gained from the
gratings. This observation is also supported by the angular
distribution of surface plasmonwaves scattered at sub-wavelength
objects, where the amplitude of the waves includes a cosine factor
relative to the polarization direction.[36] When f¼ 458, the
Weinheim 533
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Figure 8. Dispersion diagrams of a Ag plasmonic crystal. a) Schemes of

the square lattice structure in real and reciprocal space. b–d) Dispersion

diagrams measured with different substrate n along the G-X and G-M

directions. Calculated SPP–BWmodes (solid lines) and Rayleigh anomalies

(dashed lines) are superimposed.

534 � 2010 WILEY-VCH Verlag GmbH &
strongest SPP oscillations were aligned with the electric field
component of the incident light,which is thedirectionof the vector
GxþGy. Hence, the (�1,�1) mode is the most intense resonance
along G-M.

When the superstrate n was increased, all resonances red-
shifted, and higher order SPPmodes were evident (Fig. 8c and d).
These modes were more condensed and complicated because the
slopes of the dispersion curves become smaller at higher
frequencies (as seen in Fig. 1d). Anti-crossing of plasmon bands
was observed when interactions between different modes
occurred as they approached each other in energy. When two
modes share the same frequency and wave-vector (i.e. they are
degenerate), standingwaves are formedwith high- and low-energy
states that lift the degeneracy and create local bandgaps.[31,37] For
example, along G-M, anti-crossing of the (þ1,0) and (�1,�1)
modes resulted in a local bandgap at about 2.2 eV (Fig. 8d, arrow in
left panel). Another bandgap originating from the crossing of the
(þ1,0) and (�1,� 1) modes was observed at 2.3 eV along G-X
(Fig. 8d, arrow in right panel). This frequency difference between
the anti-crossings of the same modes indicates that the
wavelengths of local bandgaps can be tailored by tuning f.
Noticeably, band-bending was observed for the (�1,0)mode as the
wave vector approached zero, especially where the (�1,0) and
(þ1,0) modes tended to cross (Fig. 8b–d, right panels).
6. Tuning Plasmon Resonances by Intrinsic
Factors: Materials and Unit Cell Size

Besides external factors (f, u, n), the intrinsic properties of
plasmonic crystals such as material type and surface topography
are critical for tailoring plasmon resonances. Different from Ag,
Au absorbs more strongly at visible wavelengths because of its
larger em00. Thus, the dispersion curves of the (�1,0) mode in a Au
plasmonic crystalwith the same crystal lattice (Fig. 9a)—andmade
from the identical Si template—deviated more from the RA line
with a larger redshift in wavelength compared to Ag (Fig. 8). A
maximum in the optical absorption of Au is induced by the 4f–5d
interband transitions at 2.5 eV,which results in less dispersive SPP
bands. As observed in the dispersion diagrams at higher energies
(Fig. 9a and b), the interband transitions of Au damp the SPP
resonances significantly, which can be explained by a large
penetration depth of light into the metal.

As the size of the pyramidal pits (the unit cells) was increased
from220 nm to 350 nm, pronounced differences were observed in
the dispersion diagrams and the individual spectra of the Au
plasmonic crystals. The (�1,0) mode from the large-pyramid
grating showed significantly more band-bending at small wave
vectors compared to the small-pyramid one (Fig. 9). In the spectra
at u¼ 208, both (�1,0) and (0,� 1) modes in the large-pyramid
grating were redshifted relative to the resonances measured from
small-pyramid gratings. Moreover, the depth of the resonances
was smaller in the case of large pyramids, which indicates that less
energywas coupled from incident light into SPPs. At small angles,
the (�1,0) mode could barely be resolved when n¼ 1.00 (Fig. 9c).
The resonance broadening observed with larger pyramidal pits is
consistent with earlier theories regarding the effects of the fill
factor on the dispersion relations in plasmonic crystals.[25]

Furthermore, our comparison between different unit cell sizes
Co. KGaA, Weinheim Adv. Funct. Mater. 2010, 20, 529–539
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Figure 9. Plasmon resonances in Au plasmonic crystals with small and

large unit cells. Differences between the measured dispersion diagrams

from a,b) small and c,d) large pyramidal pits can be observed in the (�1,0)

mode at small wave vectors. Calculated SPP–BW modes (solid lines) and

Rayleigh anomalies (dashed lines) are superimposed. e,f) Individual

reflection spectra show notable change in resonant wavelength and

bandwidth between the two pyramidal sizes.
supports thepredication that anarrayof scattering siteswillmodify
the dispersion from that of a flat film,with the amount of deviation
depending on the geometry of the scatterers.[38]

7. Building a Plasmonic Library of
Unconventional Metals

Mapping the plasmon resonances inAg andAuplasmonic crystals
has demonstrated the versatility of our resonance-tuning approach
with independent control over both extrinsic and intrinsic factors.
Using the same Si template, we further applied this platform to
investigate and expand the family of plasmonic materials to more
unconventional metals. A plasmonic library of resonances was
built for plasmonic crystalsmade out of Al, Cu, Pd, and Pt (Fig. 10)
for f¼ 08. Low-order resonant modes can be easily identified in
Adv. Funct. Mater. 2010, 20, 529–539 � 2010 WILEY-VCH Verl
this library, and the depths of the resonances can also be
qualitatively compared from onematerial to another by contrast in
the SPP dispersion diagrams.

One critical difference between different materials is the
magnitude of the optical absorption, which is related to the
frequency of the interband transitions and corresponding bulk
plasma. Resonances across different frequency domains can be
generatedbypurposely selecting a specific type ofmetal. BecauseAl
doesnotexhibit abulkplasmainthevisible, thismaterial cansustain
SPPs from the UV out to NIR frequencies. The possibility to
generate broadband plasmon resonances in Al is promising for
light-harvesting applications suchasenhancingphotovoltaic energy
conversion efficiencies using SPs. Plasmon dispersion diagrams
revealed that Al plasmonic crystals can sustain SPP–BW modes
throughout the entire visible range, and even high-order modes in
the UV region can be resolved (Fig. 10a, n¼ 1.29). The Al plasmon
bands showedminimal band-bending because its large negative em0

results inakSPP close to k0.Compared toAg (Fig. 8), thewidthsof the
plasmon resonances in Al were broader, and the contrast, as
visualized in the dispersion diagrams, was lower.Hence, Al has less
efficient coupling because of its larger em00(higher absorption).

Cu is a promising material for integrating plasmonic materials
into optoelectronic devices. Below 2.1 eV, where its interband
transitionoccurs,Cucan exhibit intenseSPP resonances in the far-
visible and NIR regions. The similar electric permittivities
between Cu and Au lead to similar dispersion diagramsmeasured
in these plasmonic crystals (Fig. 10b for Cu, Fig. 9 for Au). These
similarities in the plasmonic band structure makes Cu a viable
alternative to Au for functions that require cheaper materials and
where surface oxidation is not an issue.

To take advantage of plasmons in a wider range of chemical and
electronic applications, the materials should also be multi-
functional. For example, Pd is used in hydrogen sensing and is
also a good substrate to form self-assembled monolayers.[39] Pt
exhibits unique catalytic function[40] and is widely used in CMOS
devices.[41] Both materials are traditionally considered as
less efficient plasmonic materials because of their relatively
high absorption at optical frequencies. We observed, however,
well-defined SPP–BWmodes in the plasmon dispersion diagrams
measured from Pd and Pt plasmonic crystals. As the incident
excitation angle and dielectric environment were changed, the
resonances in these non-traditional materials can be tuned over a
verywide optical frequency range,which indicates the applicability
of Pd and Pt as plasmonic substrates.

Besides merely identifying the frequency regions and specific
modes where SPP exist, the plasmonic library offers quantitative
comparison between SPPs in differentmetals, which can facilitate
accurate, rational selectionofmaterialswhendesigningplasmonic
devices. One of the most important comparative properties is the
SPP coupling efficiency (h),[42] which quantifies the percentage of
energy coupled from free-space light to SPP waves. Accordingly, h
canbedefinedas thedepthof theSPPresonancenormalizedby the
reflection intensity of the baseline:

h ¼ ðIbase � IminÞ=Ibase (4)

Figure 11 compares h of all six metals at different excitation
angles u (f¼ 08) for each (–1,0) mode in air. The trends for Au and
ag GmbH & Co. KGaA, Weinheim 535
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Figure 10. Plasmonic library of unconventional plasmonic materials. Dispersion diagramsmeasured from four different materials (Al, Cu, Pd and Pt) with

three different substrate n.

536
Cu are similar: h is low at small u because of interband transitions
but peaks at u¼ 308. In contrast, h for Agmonotonically decreases
as a function of angle, while h for Al stays nearly constant. At
u¼ 508, Al nanopyramidal gratings had coupling efficiencies up
to 68.0%, which is comparable to Ag (77.6%) at u¼ 68 and Au
(78.8%) at u¼ 278. Moreover at u> 508, h for Al exceeded those for
Ag, Au, and Cu. At our highest excitation angle (u¼ 708),
h¼ 54.5% for Al gratings, 49.1% for Cu, 41.7% for Ag, and 38.4%
for Au. Surprisingly, Pd and Pt exhibited relatively constant
� 2010 WILEY-VCH Verlag GmbH &
coupling efficiencies for all anglesmeasured. h of Pt (42.8–53.4%)
was slightly higher than Pd (31.2–37.9%) at all angles (108–608),
which can be understood by the lower em00 in Pt.

8. Exploring SPPs in Composite Materials

Besides singlemetals, Sinanopyramidal templatesoffer aplatform
to screen metallo- dielectric multilayers. Such layered thin films
are a family of novel composite materials that can exhibit
Co. KGaA, Weinheim Adv. Funct. Mater. 2010, 20, 529–539
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Figure 11. Efficiency of SPP coupling in plasmonic crystals based on

nanopyramidal arrays. Different angle-dependent efficiencies were

observed among the six plasmonic metals (Au, Ag, Pt, Al, Cu, and Pd).

Adapted from Ref. [30].
anisotropic optical properties and are promising for new types of
lenses for sub-diffraction imaging.[43] Although surface plasmons
are believed to play a critical role in such phenomena, little work
has been reported to determine the SPP resonances within these
multilayered structures and how they can be tailored for imaging
operating conditions as superlenses. We fabricated metallo-
dielectric multilayers on the same Si nanopyramidal templates
Figure 12. Plasmonic crystals made of Ag–Al2O3 metallo-dielectric multilayers. a) SEM image

shows near-perfect layer-to-layer integrity between metal and dielectric layers. b) Cartoon of the

two multilayers investigated, where the thickness t of the Al2O3 layers was varied. c–e) (�1, 0)

resonances of the metallo-dielectric gratings (symbols) were red-shifted compared to Ag-only,

which is consistent with theoretical predictions (lines).
by depositing alternating layers of Ag (4 layers,
25-nm thick) and Al2O3 (3 layers, 30-nm thick)
(sample MI-1, M and I denote metals and
insulators). Figure 12a shows that a free-
standing multilayer grating retained the shape
of the pyramidal template as well as the
nanoscale layer-to-layer integrity.

Angle-resolvedmeasurements indicated that
the (�1,0) mode of the MI-1 grating at n¼ 1.00
was shiftedby91meVatu¼ 68 (kk � 1.61mm�1)
compared to a Ag-only grating (Fig. 12c). This
shift can be attributed to electromagnetic
interactions between the Ag layers within the
metallo-dielectricfilms.Although the amount of
shift decreased with increased excitation angle,
at u¼ 648 (kk � 7.55mm�1), a shift of 5meVwas
still observed.

To understand the details contributing to the
shift in the SPP resonance, we used an effective
medium model because the thicknesses of the
layers were much smaller than optical wave-
lengths. For metallo-dielectric stacks, the
uniaxial anisotropy results in an effective
permittivity tensor [44]

exx 0 0
0 eyy 0
0 0 ezz

0
@

1
A (5)
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emdm þ eddd
exx ¼ eyy ¼ ek ¼ dm þ dd
(6)

ezz ¼ e? ¼ e�1
m dm þ e�1

d dd
dm þ dd

� �
(7)

where dm and dd are the thicknesses of the metal and dielectric
layers. An analytical dispersion relation of SPPs on such
anisotropic effective media can then be derived:

kSPP ¼ k0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
e1e?ðek � e1Þ
e?ek � e21

s
(8)

where e1 is the electric permittivity of the superstrate. Using this
modified dispersion relation, we calculated SPP modes of the
metallo-dielectric gratings (Fig. 12c–e, solid lines). Although the
optical properties of such corrugated layered stacks can be
modeled more accurately,[45] the permittivities estimated using
Equation 8 are a good approximation for our pyramidal grating
systems. Not only did the measured plasmon resonances agree
with the (�1,0) mode predicted using Equation 8, but more
importantly, the shift in theminima observed on the Ag grating to
the metallo-dielectric grating was also contained in the calculated
curves.

To determine how an increase in the dielectric spacing between
the metal layers would shift the SPP resonances, we fabricated
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another metallo-dielectric grating with a thicker dielectric layer
while keeping theAg thickness the same (Ag: 4 layers, 25-nmthick;
Al2O3: 3 layers, 60-nm thick; sampleMI-2). Figure 12c reveals that
the (�1,0) mode shifted to even lower energies compared toMI-1,
also in agreement with calculations. Although the observed shift
was qualitatively consistent, the absolute shift was greater in
calculations, most likely because of the finite number of
alternating layers.
Figure 13. Al rhombic plasmonic crystal and dispersion diagrams. a) SEM

image superimposed with rhombic lattice structure. Dispersion diagrams

mapped along b,c) high-symmetry and d) low-symmetry crystal directions.

Calculated curves were in excellent agreement with experiment (super-

imposed lines).
9. Generating Plasmonic Crystals with Low-
Symmetry Lattices

Although the unit cell geometry and the material type provide a
means to tune the resonances to specific wavelengths, the
symmetry of the lattice is another intrinsic property of a plasmonic
crystal. By carrying out a modified SIL process on a Si (110)
substrate,[46] we obtained plasmonic crystals with a rhombic lattice
(centered rectangular symmetry). Because of the lower symmetry
compared to a square lattice, rhombic plasmonic crystals can lift
the degeneracy of SPP modes. Hence, more plasmon resonances
can be excited in the visible range with more complicated
dispersion relations, which is favorable to applications where
broadband light trapping is desirable.[23] Reduced lattice symme-
tries can also facilitate the coupling between SPPs and light from a
wide range of f, which can increase the overall percentage of the
energy trapped in form of SPPs.

Figure 13 shows that a rhombic Al plasmonic crystal exhibited
significantly different dispersiondiagrams depending onf. In our
rhombic lattice, three neighboring unit cells formed an isosceles
trianglewith two equal sides of 440 nm in length and an apex angle
of67.58.Whenkkwasalignedvertically, as inFigure13a (definedas
f¼ 908), only one resonant mode was resolved clearly (Fig. 13b).
This measured curve matched well with the dispersion relation
calculated by the Bragg coupling equation for rhombic lattices,[46]

which predicted two degenerate (1,0)/(0,�1) modes.
As kk was rotated to be along the x-axis (f¼ 08), the spacing

between the neighboring unit cells along the direction of kk
became larger (725 nm). Similar to the effect of expanding the
grating periodicity, which would redshift the lower order
plasmonic modes,[47] the (�1,�1) mode was observed as the
resonance with the lowest photon energy (the longest wavelength;
Fig. 13c). In contrast, the degenerate (�1, 0)/(0,�1)mode became
much less dispersive compared to Figure 13b. Anti-crossing
occurred between the (�1, �1) and the �1, 0)/(0, �1) modes
(Fig. 13c, dashed lines), which induced band-bending in the
(�1,�1) mode towards long wavelengths and a decreased
amplitude around 2.7 eV. Interestingly, when kk was aligned
along a lower symmetry axis (f¼�33.758), degenerateSPPmodes
were lifted, and the (0, �1) and (�1, �1) modes remained in the
visible range. The (1, 0) and (�1, 0) modes, however, shifted
completely into the UV range according to the Bragg coupling
condition, which can barely be resolved at the high-energy end of
the dispersion diagram.
10. Concluding Remarks

We have described a comprehensive approach to identify and
characterize resonances in plasmonic crystals. The construction of
� 2010 WILEY-VCH Verlag GmbH &
a plasmonic library explicitly revealed how SPP–BWmodes could
be tunedbyboth external and intrinsic factors, and thedesign rules
for building plasmonic lattices with desirable resonances has been
achieved. Moreover, the use of large-area Si nanopyramidal
gratings as templates for 2Dplasmonic crystals nowenables awide
range of unconventional metals to be catalogued in a ‘‘periodic
table’’ of plasmonic materials. This work demonstrated this
versatility by comparing multifunctional materials such as Pt, Pd,
and metallo-dielectric stacks. Furthermore, the flexibility in
nanofabrication offered by SIL enables additional opportunities
to explore reduced and quasi-periodic lattice symmetries, which
can support different SPP coupling characteristics. Accessible and
robust plasmonic crystals are key to accomplish broadband
coupling and scalability for practical applications.
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