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Dispersing Light with Surface Plasmon Polaritonic Crystals
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Spectral dispersion of light on a finite-size surface plasmon polaritonic (SPP) crystal has been studied.
The angular wavelength separation of one or more orders of magnitude higher than in other state-of-the-
art wavelength-splitting devices available to date has been demonstrated. The two-stage process is
responsible for the dispersion value, which involves conversion of the incident light into SPP Bloch
modes of a nanostructure followed by the SPP Bloch waves refraction at the SPP crystal boundary. The
high spectral dispersion achievable in plasmonic devices may be useful for integrated high-resolution
spectroscopy in nanophotonic, optical communication and lab-on-a-chip applications.
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Recent progress in photonics and integrated optics
presents many challenges for development of micro- and
nano-integrated components capable of routing and ma-
nipulating light waves in confined geometries. To this end,
plasmonic devices offer a range of functionalities for guid-
ing of light and its control with external signals, enhancing
nonlinear interactions, and designing optical transmission
and reflection properties, all with planar, subwavelength
size components [1,2]. After development of many basic
elements of two-dimensional (2D) surface plasmon polari-
tonic (SPP) optics [2], a search for additional functional-
ities in SPP-based devices continues to attract significant
attention for applications in various areas of science and
technology.

One of the functionalities that has not yet been addressed
with plasmonic waves is dispersion and spectral analysis.
Since the first experiments by Newton on light dispersion
in a glass prism, the spectral dispersion of light—that
is, the dependence of generalized refractive index on
frequency—is ubiquitous in applications ranging from
spectroscopic devices to sensing and novel optical com-
munication technologies. Very recently, new challenges
have arisen for spectroscopic devices needed in optical
switching and routing of information according to its fre-
quency (color), to develop compact devices that can be
integrated into photonic circuits of the future or into lab-
on-a-chip applications for in situ spectral functionality.
These cover high-resolution spectroscopy, wavelength de-
multiplexing of optical signals, ultrashort pulse analysis,
and many others.

Although free-space plane and concave gratings can
achieve high values of spectral dispersion, their disadvan-
tages are that they are bulky and require discrete optical
components. The control of aberration is limited to a
relatively narrow wavelength range, and additional com-
ponents are also needed for coupling to optical fibers or
waveguides [3,4]. Diffraction gratings based on planar
waveguide technology are limited to a relatively small
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size because of the difficulty of controlling the substrate
quality over a large area, and they suffer from strong
scattering and require complex waveguide fabrication
[4,5].

Recently two-dimensional spectral dispersion effects
have been studied in photonic crystal slabs [6—9]. This
so-called superprism effect relies on the ability to direct the
light transmitted through a boundary of 2D photonic crys-
tal in different directions (i.e. with large angular separa-
tion), as a function of only very small variations in light
frequency. This effect arises from the very strong disper-

sion of photonic eigenmodes dlg/ dw (where k is the photon
wave vector and w is the light frequency) near the edges of
the photonic band gap. Thus, the dispersion can be synthe-
sized for a given wavelength range and required propaga-
tion direction. The photonic crystal superprism effect
provides high spectral dispersion (up to 50° deviation of
the light path for the incident wavelength change of 2%)
but requires cumbersome arrangements for light coupling
in or out of the 2D photonic crystal slab [7,8].

In this Letter we present a new dispersive element based
on a surface plasmon polaritonic crystal (SPPC) [2] which
combines functionalities of a diffraction grating and the
photonic crystal superprism and provides angular spectral
dispersion 1 to 2 orders of magnitude higher than in the
state-of-the-art planar integrated diffraction gratings and
photonic crystal superprisms. We demonstrate this effect in
a finite-size SPP crystal that can convert an out-of-plane
(3D) multiwavelength input into an in-plane (2D) SPP
output, with different frequencies propagating in different
directions on a metal surface.

The proposed approach is based on the properties of
surface plasmon polaritons—intrinsically 2D surface elec-
tromagnetic waves—on a periodically nanostructured
metal surface forming a surface polaritonic crystal [2]. If
a SPP crystal is conventionally illuminated with a light
beam, SPP eigenmodes (Bloch waves), allowed to propa-
gate on a periodic structure, are excited at certain frequen-
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cies in specific directions at which the diffraction provides
the wave vector conservation:
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Here, kggp is the SPP Bloch wave vector on the periodi-
cally structured surface, w is the frequency of the illumi-
nating light, c is the speed of light, n; is the refractive index
of the medium through which the film is illuminated, € is
the angle of incidence, i, is the unit vector in the plane of
the film in the direction of the incident light wave vector
projection, 8, = 1 or 0 for p- or s-polarized incident light
(relative to the sample surface), respectively; i, and ii, are
the unit reciprocal lattice vectors of the periodic structure,
D is the SPPC periodicity (same in both x and y directions),
and p and g are integer numbers corresponding to different
directions in the SPP Brillouin zone and determining di-
rection of SPP propagation on a surface. Near the edges of
the band gap of SPP crystal (where dw/dksp = 0)
[Fig. 1(d)], the SPP wave vector can undergo extremely
large variations with small changes in frequency of illumi-
nating light. Thus, the respective SPP Bloch waves will be
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FIG. 1 (color online). (a) Electron microscope image of the
SPP crystal used in the experiments; (b) Principle of the SPPC
induced dispersion showing a finite-size SPPC, a set of scatterers
used for SPP visualization, and illumination conditions;
(c) Experimental setup: TLS—tunable laser source; WLS
white light source (unpolarized); PM—power meter; OSA—
optical spectrum analyzer; PAN—polarization analyzer; IRC—
infrared camera; (d) Schematics of the band structure of the SPP
crystal in the vicinity of I' point of the Brillouin zone; the circle
indicates the states accessible with normally incident Gaussian
laser beam; (e) The experimentally measured SPP dispersion of
the crystal shown in (a) in the range of wavelengths used in the
following experiments.

excited and, after crossing the boundary, SPPs will emerge
from the SPP crystal onto the unpatterned part of the
surface in significantly different directions [Fig. 1(b)].
Thus, SPP crystal can convert out-of-plane multiwave-
length input into in-plane SPP output with different light
frequencies propagating in different directions on the
smooth surface. The size and shape of a nanostructure
and its period can then be optimized to achieve the required
SPP dispersion and even design flat SPP bands, ideal for
spectral routing applications [10,11].

The surface polaritonic crystals used in the present work
were fabricated in thin (50 nm) Au films deposited onto a
glass substrates [Fig. 1(a)]. Square lattice SPP crystal
consisting of the arrays of circular holes were fabricated
with focused ion beam milling. The periodicity of the array
(1500 nm) and the hole diameter (300 nm) were chosen to
achieve a band gap and, thus, high density of SPP Bloch
mode states and flattening of SPP bands in the spectral
range which corresponds to optical communication wave-
lengths around 1.5 pm [Fig. 1(e)]. Near the finite-size SPP
crystal (50 X 50 wm? total area) a set of scatterers was
fabricated, designed to convert SPPs to light, which is then
detected in the experiments. The scatterers are located at
the distance of about 40 uwm from the SPP crystal edge.
The SPP propagation length on the Au-air surface in this
wavelength range is around 200 wm and sufficient to carry
energy to the scatterers. The scatterer size and shape have
been chosen to provide efficient coupling of the SPP waves
into light beams.

For spectral dispersion measurements, the infrared (IR)
light from a fiber-pigtailed tunable laser was directly
coupled to the SPP crystal using a cleaved single mode
fiber. The polarization was controlled using an all-fiber
polarization controller and the output was monitored with
a polarimeter [Fig. 1(c)]. In this way Gaussian beam illu-
mination of the SPP crystal was obtained with the wave
vector components in the range of incident angles 0° —-10°.
Illumination spot of about 10 um diameter was positioned
at the center of the array. As described above, the input
light excites SPP modes that are then scattered by nearby
surface scatterer, and the resultant scattered light imaged
with a high-sensitivity IR camera. The images recorded at
different wavelengths and polarizations of the illuminating
light were used to visualize the dispersive properties of the
structures.

The images, showing the illuminated SPP crystal with
the surrounding scatterers and the neighboring second SPP
crystal, are presented in Fig. 2. The SPPs are excited on the
illuminated (right-hand side of Fig. 2) SPP crystal and after
traversing the SPP crystal boundary propagate on the
smooth surface. Only the SPP waves excited along the
normal to the facet of the illuminated SPP crystal in the
horizontal direction can reach the second crystal (left-hand
side of Fig. 2) situated in the far-field of the illuminated
one. These SPP waves are then scattered in light. Because
of the longitudinal nature of the SPP field, in order to be
coupled to SPP wave, the incident light must have its
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FIG. 2 (color online). Series of images of the intensity distri-
butions over the metal surface for the different polarizations of
the incident light as indicated by the arrows. The illuminating
light wavelength is A = 1523 nm.

electric field vector perpendicular to the surface or parallel
to the SPP propagation direction [2]. When the polarization
of the excitation is changed, SPPs are excited in a different
direction (in the direction of the electric field for the case of
normal incidence) and the intensity over the probing SPP
crystal changes. For the polarization orthogonal to the
direction between the two arrays, the SPPs are not excited
toward the probing array and, therefore, not observed in the
optical images. This polarization behavior (Fig. 2) con-
firms the nature of the contributing surface waves.
However, the SPP waves propagating along the normal to
the SPP crystal facet are not of interest for spectroscopic
applications, since their wave vector is not conserved when
they refract on the SPPC boundary [9,12].

For the investigations of the spectral dispersion we have
chosen a set of scatterers that are not illuminated directly
by the normal SPP wave, thus reducing wavelength-
independent background illumination. The polarization
behavior of the SPP intensity reaching these scatterers is
more complex since the various diffraction orders are not
fully separated, but in general follows the polarization
dependence of the SPP wave excitation.

The images of the light distributions at the scatterers
reveal strong frequency dependence of the SPP intensity
around the crystal (Fig. 3). The intensity of SPPs reaching
the scatterers situated around the semicircle varies with the
light frequency and polarization: as the frequency of the
incident light changes, the scatterers situated at different
angles with respect to the crystal are illuminated by the
SPP beams differently, since the light of different wave-
lengths is coupled to SPP waves propagating in different
directions on a smooth metal surface. The images mea-
sured with unpolarized white light illumination show uni-
form distribution of light intensity around the scatterers
apart from D2 (Fig. 3), where the intensity is significantly

FIG. 3 (color online). Series of images of the intensity distri-
butions over the metal surface for the different wavelengths and
polarizations of the incident light: (a), (c) A = 1524.4 nm, (b),
(d) A = 1524.8 nm, (e) A = 1552.0 nm (incident light polariza-
tion is indicated by arrows); (f) unpolarized white light. Some of
the representative scatterers are indicated by the squares D on the
images.

lower as this scatterer is the closest to the corner of the SPP
crystal. Lower intensity is always observed at D2 in spec-
tral measurements (Figs. 3 and 4). The finite range of
angles of incidence obtained with the Gaussian beam
illumination may result in cross talk between different
wavelengths.

The wavelength dependencies of the light scattered by
D1 and D2 (as marked in Fig. 3) are shown in Fig. 4(a) and
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FIG. 4 (color online). (a) The wavelength dependencies of the
intensity averaged over the scatterers D1 and D2 marked on the
images in Fig. 3 for vertical (circles) and horizontal (squares)
polarizations of the incident light as indicated in Fig. 3. (b) Cross
sections along the four scatterers between the scatterers D1 and
D2 for different wavelengths of the incident light. Please note
that due to nonlinearity of the imaging camera response, the
contrast may be suppressed on the presented plots.
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reveal strong changes of the scattering intensity with small
changes of the frequency of light. Similarly, the cross
sections taken along the set of scatterers for different
frequencies confirm the intensity changes at the scatterers
for very small values of frequency variation. This shows
the extremely high dispersion of the surface polaritonic
crystal, which is estimated from the measured images to be
about (20-30)° /nm in this spectral range [13]. This value
is an order of magnitude higher than the values (1-2)° /nm
reported with photonic crystal superprisms [7,8] and 2
orders of magnitude higher than those observed with con-
ventional planar diffraction gratings [3,14].

Such strong spectral dispersion is achieved due to the
two-stage process involving SPP Bloch waves on a peri-
odically structured surface. Firstly, the illumination of the
SPP crystal by light leads, due to diffraction on a periodic
structure, to excitation of SPP Bloch waves with different
frequencies of the incident light being coupled to the SPP
Bloch modes propagating in different directions. This first
stage provides the angular dispersion, which can be esti-
mated from the conditions of the excitation of the SPP
waves on a smooth surface by a periodic grating to be
about 0.1° /nm in the operating spectral range. (Please note
that the above value is similar to those obtained with
conventional diffraction gratings, reflecting the fact that
it is related to a conventional diffraction process.) In the
case of the SPP Bloch modes in the SPP crystal this value
can only be higher, as discussed above, due to the flattening
of the allowed bands of the crystal. The second stage that
enhances the dispersion is the diffraction of the SPP Bloch
mode on the periodic structure formed by the termination
of the SPP crystal. This two-dimensional process can be
considered as that of refraction on the SPP crystal bound-
ary: the wave vector component parallel to the boundary
must be conserved for the Bloch wave inside the crystal
and the SPP wave outside it [9,12]. This is analogous to a
2D photonic crystal superprism with both positive and
negative refraction allowed [9,15]. The reported values
for the measured superprism dispersion in 2D photonic
crystals are consistent with our measured values for this
process estimated from the total angular dispersion of the
two-stage process studied. Because of a finite range of the
excitation wave vectors, the overall intensity at the scat-
terers may be determined by a combination of various SPP
modes refracted on the SPP crystal boundary, similar to
decomposition of Bloch waves on a photonic crystal
boundary [16].

In conclusion, we have proposed a new principle of
highly dispersive elements based on SPP crystals. These
can convert an out-of-plane multiwavelength input signal
into an in-plane SPP output on a metal surface, with differ-
ent light frequencies spatially separated. The high disper-
sion values are the result of a two-stage process relying on

the conversion of the incident light into SPP Bloch waves
on a SPP crystal and, then, Bloch waves traversing the SPP
crystal boundary. High spectral dispersion and ease of use
make the SPPC-based dispersive elements very promising
for nanophotonic applications where wavelength splitting
and separation is needed—it can be achieved in a compact
integrated device which can be incorporated into lab-on-a-
chip or other photonic integrated circuits such as demulti-
plexers, routers, or switches for optical communications.
Moreover, thanks to surface plasmon properties, this dis-
persion can be controlled optically or electrically using
active metallodielectric nanostructures [2,17].
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