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Surface plasmons are waves that propagate along the surface of a conductor. By altering the structure of a
metal’s surface, the properties of surface plasmons—in particular their interaction with light—can be
tailored, which offers the potential for developing new types of photonic device. This could lead to
miniaturized photonic circuits with length scales that are much smaller than those currently achieved.
Surface plasmons are being explored for their potential in subwavelength optics, data storage, light
generation, microscopy and bio-photonics.

S

urface plasmons (SPs) are of interest to a wide
spectrum of scientists, ranging from physicists,
chemists and materials scientists to biologists.
Renewed interest in SPs comes from recent
advances that allow metals to be structured
and characterized on the nanometre scale. This in turn has
enabled us to control SP properties to reveal new aspects
of their underlying science and to tailor them for specific
applications. For instance, SPs are being explored for their
potential in optics, magneto-optic data storage,
microscopy and solar cells, as well as being used to
construct sensors for detecting biologically interesting
molecules.
SPs were widely recognized in the field of surface science
following the pioneering work of Ritchie in the 1950s(ref.1).
SPs are waves that propagate along the surface of a conductor, usually a metal. These are essentially light waves that are
trapped on the surface because of their interaction with the
free electrons of the conductor (strictly speaking, they
should be called surface plasmon polaritons to reflect this
hybrid nature2). In this interaction, the free electrons
respond collectively by oscillating in resonance with the
light wave. The resonant interaction between the surface
charge oscillation and the electromagnetic field of the light
constitutes the SP and gives rise to its unique properties.
For researchers in the field of optics, one of the most
attractive aspects of SPs is the way in which they help us to
concentrate and channel light using subwavelength structures. This could lead to miniaturized photonic circuits with
length scales much smaller than those currently achieved3,4.
Such a circuit would first convert light into SPs, which
would then propagate and be processed by logic elements,
before being converted back into light. To build such a circuit one would require a variety of components: waveguides, switches, couplers and so on. Currently much effort
is being devoted to developing such SP devices; one example
is the 40 nm thick gold stripe that acts as a waveguide for SPs
in Fig. 1. An appealing feature is that, when embedded in
dielectric materials, the circuitry used to propagate SPs can
also be used to carry electrical signals. Developments such
as this raise the prospect of a new branch of photonics using
SPs, sometimes called plasmonics.
The use of SPs to help us concentrate light in subwavelength structures stems from the different (relative) permittivities, ;, of the metals and the surrounding non-conducting
media. (; is the square of the complex index of refraction.)
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Concentrating light in this way leads to an electric field
enhancement that can be used to manipulate light–matter
interactions and boost non-linear phenomena. For example,
metallic structures much smaller than the wavelength of light
are vital for the massive signal enhancement achieved in surface-enhanced Raman spectroscopy (SERS)—a technique
that can now detect a single molecule5,6. Furthermore, the
enhanced field associated with SPs makes them suitable for use
as sensors, and commercial systems have already been developed for sensing biomolecules. SP-based sensing applications
and SERS will not be discussed further here because they are
covered by other reviews7,8.
Here we provide an overview of the properties of SPs and
indicate why they are being considered for subwavelength
optics. We examine how their propagation can be manipulated and discuss some of the optical components that have
so far been demonstrated. We conclude by highlighting the
practical potential of this field and indicate just how much
work remains to be done for that potential to be realized.

Coupling to surface plasmons
The interaction between the surface charges and the electromagnetic field that constitutes the SP has two consequences
(see Box 1). First, the interaction between the surface charge
density and the electromagnetic field results in the momentum of the SP mode, ùkSP, being greater than that of a free-space
photon of the same frequency, ùk0. (k04v/c is the free-space
wavevector.) Solving Maxwell’s equations under the appropriate boundary conditions yields the SP dispersion relation9,
that is, the frequency-dependent SP wave-vector, kSP,

kSP=k0

!§

; ;m
}d }
;d & ;m

(1)

The frequency-dependent permittivity of the metal, ;m,
and the dielectric material, ;d, must have opposite signs if SPs
are to be possible at such an interface. This condition is satisfied for metals because ;m is both negative and complex (the
latter corresponding to absorption in the metal). As an example, using equation (1), the SP wavevector for a silver–air
interface in the red part of the visible spectrum is found to be
kSP>1.03.k0. This increase in momentum is associated with
the binding of the SP to the surface, and the resulting momentum mismatch between light and SPs of the same frequency
must be bridged if light is to be used to generate SPs.
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where ;8m and ;88m are the real and imaginary parts of the dielectric function of the metal, that is, ;m4;8m&i;88m. Silver is the metal with the lowest losses in the visible spectrum: propagation distances are typically in
the range 10–100 mm, increasing towards 1 mm as one moves into the
1.5 mm near-infrared telecom band (see Box 2). In the past, absorption
by the metal was seen as such a significant problem that SPs were not
considered viable for photonic elements; the SP propagation length was
smaller than the size of components at that time. This view is now
changing thanks primarily to recent demonstrations of SP-based components that are significantly smaller than the propagation length18.
Such developments open the way to integrate many SP-based devices
into circuits before propagation losses become too significant.
In addition to dealing with the problem of loss owing to absorption in the metal, there is another key loss mechanism that must be
considered: unwanted coupling to radiation. To build SP-based circuits one will need components that convert one SP mode into
another, for example, a switch to re-route SPs without scattering the
SP mode in such a way as to lose its energy to freely propagating light.

Surface plasmon band structure and periodic surfaces
One of the key developments in photonics in the past 15 years has been
that of photonic bandgap (PBG) materials. These synthetic materials
use wavelength-scale periodic structures to manipulate the interaction
between light and matter so as to build new photonic structures—a
good example being that of the photonic crystal fibre19. These developments have been predominantly made in periodically structured insulating and semiconducting materials. By making use of SPs, metals too
can be used as PBG materials, this time in the form of photonic surfaces20.
The nature of SPs changes when they propagate on metal surfaces
that are periodically textured on the scale of the wavelength of light.
NATURE | VOL 424 | 14 AUGUST 2003 | www.nature.com/nature
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Once light has been converted into an SP mode on a flat metal surface
it will propagate but will gradually attenuate owing to losses arising
from absorption in the metal. This attenuation depends on the
dielectric function of the metal at the oscillation frequency of the SP.
The propagation length, dSP, can be found by seeking the imaginary
part, k88SP, of the complex surface plasmon wavevector,
kSP4k8SP&ik88SP, from the SP dispersion equation (1) (ref. 15),
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The second consequence of the interaction between the surface
charges and the electromagnetic field is that, in contrast to the propagating nature of SPs along the surface, the field perpendicular to the
surface decays exponentially with distance from the surface. The field
in this perpendicular direction is said to be evanescent or near field in
nature and is a consequence of the bound, non-radiative nature of SPs,
which prevents power from propagating away from the surface.
There are three main techniques by which the missing momentum
can be provided. The first makes use of prism coupling to enhance the
momentum of the incident light10,11. The second involves scattering
from a topological defect on the surface, such as a subwavelength protrusion or hole, which provides a convenient way to generate SPs
locally3,12. The third makes use of a periodic corrugation in the metal’s
surface13. Indeed, over 100 years ago, Wood14 reported anomalous
behaviour in the diffraction of light by metallic diffraction gratings—
some of these phenomena are now known to arise from coupling to
SPs. The diffraction (scattering) of light by a metallic diffraction grating allows incident light to be momentum matched and thus coupled
to SPs15. Importantly the reverse process also allows the otherwise
non-radiative SP mode to couple with light in a controlled way with
good efficiency16,17, which is vital if SP-based photonic circuits are to
be developed.
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Figure 1 An SP waveguide. a, a scanning electron micrograph image of a 40 nm
thick, 2.5 mm wide gold stripe lying on a glass substrate (courtesy of J. C. Weeber,
Université de Bourgogne, France). b, The optical functionality of the stripe visualized
by PSTM; an extended SP, launched on the larger area by a spot (indicated by the red
ellipse) generated by total internal reflection illumination (wavelength=800 nm)
through the substrate, is used to excite one of the stripe’s SP eigen modes featuring
three maxima. The photon scanning tunnelling microscopy (PSTM) image
demonstrates that SPs are bound to the metal. c, A cross-section across the stripe
shows that this mode is much better confined to the guiding material (indicated by the
AFM topology—pale blue line) sustaining the mode than would be the case in
dielectric-based waveguides. Not only the height of the guide but also the square root
of the waveguide cross-section features a subwavelength size, underlining the fact
that the SP mode is essentially bound to the metal surface rather than being a
standing wave confined inside the metal volume.

When the period of the nanostructure is half that of the effective wavelength of the SP mode, scattering may lead to the formation of SP standing waves and the opening of an SP stop band21 (see Box 3). When the
surface is modulated in both in-plane directions, for example by a periodic array of bumps, SP modes may be prevented from travelling in any
in-plane direction, thus leading to a full PBG for SP modes20,22 (Fig. 2).
Fig. 2 provides a nice demonstration of how the problems associated
with absorption by the metal can be overcome. It shows that, although
finite, the SP propagation length is more than enough to allow the SP to
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Box 1
Surface plasmon basics
SPs at the interface
ω=ck
between a metal and
c ω
b
a
z
a dielectric material
z
have a combined
electromagnetic wave
and surface charge
ω
Dielectric
E
character as shown in
a. They are
δd
Hy
transverse magnetic
Ez
in character (H is in
–––
–––
+++
+++
×
ko kSP
kx
δm
the y direction), and
Metal
the generation of
surface charge
requires an electric
field normal to the surface. This combined character also leads to the field component perpendicular to the surface being enhanced near the
surface and decaying exponentially with distance away from it (b). The field in this perpendicular direction is said to be evanescent, reflecting the
bound, non-radiative nature of SPs, and prevents power from propagating away from the surface. In the dielectric medium above the metal,
typically air or glass, the decay length of the field, dd, is of the order of half the wavelength of light involved, whereas the decay length into the
metal, dm, is determined by the skin depth. c, The dispersion curve for a SP mode shows the momentum mismatch problem that must be
overcome in order to couple light and SP modes together, with the SP mode always lying beyond the light line, that is, it has greater momentum
(ùkSP) than a free space photon (ùk0) of the same frequency v.

experience many periods of the textured surface and thus display the
PBG phenomenon. We also note with interest that recent developments in the fabrication of periodic nanostructures via self-assembly
offer the prospect of easily producing SP PBG substrates to act as photonic substrates on which to define SP photonic circuits.
At frequencies within a bandgap, the density of SP modes is zero—
no SP modes can be supported. However, at the band edges, the SP
mode dispersion is flat and the associated density of SP modes is high,
corresponding to a high field enhancement close to the metal surface.
Further, the nature of this flat band means that such modes can be
excited by light that is incident over a wide range of angles, making
them good candidates for frequency-selective surfaces. Flat bands are
also associated with the localized SP modes of metallic nanopartiFigure 2 SP photonic bandgap. The
SP dispersion curve shown in Box 1
was directly imaged using a modified
prism coupling technique. a, The
dispersion curve (here shown as
inverse wavelength versus angle) for
a flat surface is shown in the upper
picture; here dark regions correspond
to coupling of incident light to the SP
mode, and the colours are produced
on a photographic film by the
wavelength of the light used. b, If the
metal surface is textured with a twodimensional pattern of bumps on an
appropriate length scale (roughly half
the wavelength of light) as shown in
this SEM, a bandgap is introduced
into the dispersion curve of the
associated SP modes. Bar, 0.7 mm.
c, The bandgap is clearly seen in the
lower picture where there is a spectral
region in which no SP mode (as
indicated by the dark regions) exists.
Also note the distortion of the SP
mode and the edges of the bandgap.
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cles23,24. The frequency and width of these modes are determined by
the particle’s shape, material, size and environment23,25,26, and for this
reason they are being pursued as tags for biosensing27,28 and as substrates for SERS29 and potentially as aerials for fluorophores30,31. The
interaction between two or more nanoparticles can lead to still further
levels of field enhancement32–34, with even more dramatic effects associated with hot spots in random structures35.

Mapping surface plasmons and developing components
The properties of SP devices are intimately linked to the activity and the
distribution of SPs on the metal surface. Much is still not known about
the relationship between surface topology and the nature of the SP
modes, and so a more detailed study of the details of this SP activity is
vital. Because of the way SPs are confined to the surface and because of
the subwavelength nature of the structures and fields involved, one
cannot rely on traditional far-field techniques. Instead near-field techniques3,36 such as photon scanning tunnelling microscopy (PSTM) are
typically employed to map the fields on the metal surface, for example,
those of the SP waveguide in Fig. 1. A PSTM is basically a collection
mode scanning near-field optical microscope where the sample lies on a
glass prism, which enables one to shine light in total internal reflection.
The nanometre size tip, mostly obtained by pulling an optical fibre,
which may eventually be coated with a metal, frustrates the total reflection when scanning close to the surface and thereby maps the near-field
intensities.
Surprisingly, as we enhance the capabilities of near-field techniques
further to map the SP fields into the subwavelength regime we come up
against an interesting variant of Heisenberg’s uncertainty principle.
Applied to the optical field, this principle says that we can only measure
the electric (E) or the magnetic field (H) with accuracy when the volume
dl3 in which they are contained is significantly smaller than the wavelength of light in all three spatial dimensions. More precisely,
Heisenberg’s uncertainty principle binds E and H of the optical wave to
dl through the cyclic permutation of their vector components (i,j),
DEiDHj$ùc2/2dl4.

(3)

As volumes smaller than the wavelength are probed, measurements
of optical energy become uncertain, highlighting the difficulty with performing measurements in this regime.
© 2003 Nature Publishing Group

NATURE | VOL 424 | 14 AUGUST 2003 | www.nature.com/nature

insight review articles
Box 3
Surface plasmon bandgaps

Box 2
Surface plasmon length scales
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There are three characteristic length scales that are important for
SP-based photonics in addition to that of the associated light. The
propagation length of the SP mode, dSP, is usually dictated by loss in
the metal. For a relatively absorbing metal such as aluminium the
propagation length 2 mm at a wavelength of 500 nm. For a low loss
metal, for example, silver, at the same wavelength it is increased to
20 mm. By moving to a slightly longer wavelength, such as 1.55 mm,
the propagation length is further increases towards 1 mm. The
propagation length sets the upper size limit for any photonic circuit
based on SPs. The decay length in the dielectric material, dd, is
typically of the order of half the wavelength of light involved and
dictates the maximum height of any individual features, and thus
components, that might be used to control SPs. The ratio of dSP:dd
thus gives one measure of the number of SP-based components
that may be integrated together. The decay length in the metal, dm,
determines the minimum feature size that can be used; as shown in
the diagram, this is between one and two orders of magnitude
smaller than the wavelength involved, thus highlighting the need for
good control of fabrication at the nanometre scale. The
combinations chosen give an indication of range from poor (Al at
0.5 mm) to good (Ag at 1.5 mm) SP performance.

This is not as serious a limitation as one might imagine, because,
although we would often like to measure the optical energy (for which
we need to know both the electric and magnetic field strengths), many
optical interactions are dominated by just one of the fields, and so mapping just one of them on a subwavelength scale can provide invaluable
new insights. For example, most PSTM tips provide images that are
proportional to the mapping of the distribution of |E|2 in the near-field
zone36. Surprisingly, SPs with circular symmetry, sustained by a suitable metal coating of the tip, played a crucial role in the recent demonstration37 that the distribution of |H|2 associated with the optical wave
can also be detected. Not only does this provide new possibilities for
SPs, but it also enhances their role in such phenomena as the magnetooptic Kerr effect38,39 in extending the realm in which SPs have important photonic applications.
Near-field mapping techniques such as PSTM have been essential
for the development of SP devices such as waveguides and other components. For example, they were used to map the field distribution associated with an SP waveguide based on a metal stripe40–42 that is illustrated
in Fig. 1. Other strategies for waveguiding have also been explored, for
example, using a well defined stripe defect on a periodically modulated
photonic surface, with the defect acting as a guide43. It was recently
pointed out that SP waveguides can be obtained by exploiting roughness-induced Anderson localization, which inhibits SP propagation. In
this case, waveguides are formed by channels flattened across an otherwise rough metal film44. Waveguides can also be made of aligned metal
(for example, gold) nanoparticles: a recent PSTM study has demonstrated the feasibility of laterally squeezing the optical near field by coupling localized SPs of an ensemble of linearly aligned gold
nanoparticles45, which suggests another approach to SP guiding46.
By making use of advanced lithographic techniques to texture the
NATURE | VOL 424 | 14 AUGUST 2003 | www.nature.com/nature
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Periodic texturing of the metal surface can lead to the formation of
an SP photonic bandgap when the period, a, is equal to half the
wavelength of the SP, as shown in the dispersion diagram (a). Just
as for electron waves in crystalline solids, there are two SP standing
wave solutions, each with the same wavelength but, owing to their
different field and surface charge distributions, they are of different
frequencies. The upper frequency solution, v&, is of higher energy
because of the greater distance between the surface charges and
the greater distortion of the field, as shown schematically in b. SP
modes with frequencies between the two band edges, v& and v–,
cannot propagate, and so this frequency interval is known as a stop
gap. By providing periodic texture in two dimensions, SP propagation
in all in-plane directions can be blocked, leading to the full bandgap
for SPs. At the band edges the density of SP states is high, and
there is a significant increase in the associated field enhancement.
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Figure 3 Surface plasmon Bragg reflector. a, An example of integration involving a
Bragg reflector on a SP waveguide is provided by carving a series of slots with suitable
sizes and separations in a gold stripe supported on a glass substrate, as shown on the
SEM image (a) of a stripe similar to the one introduced in Fig. 1 (courtesy of E. Devaux,
Université Louis Pasteur, France, and J. C. Weeber, Université de Bourgogne, France).
White bar, 30 mm; black bar, 2.5 mm. The incident SP, with three maxima (see Fig. 1),
is excited by total internal reflection illumination as described in the legend of Fig. 1. The
SP propagates from the left to the right until it reaches the Bragg reflecting zone
(indicated by the blue squares). The mirror effect is clearly observed in the PSTM image
(b) as the interference between incident and reflected SPs. To the right of the mirror zone,
the intensity falls dramatically to a value not detectable by the PSTM tip. Bar, 2.5 mm.
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For a free-standing hole array, incident light is diffracted/scattered
by the array, producing evanescent waves that tunnel through the
holes, resulting in a small but finite amplitude on the far side of the
array. Here the evanescent waves are again diffracted/scattered; the
interference of the resulting waves produces the light that propagates
away from the structure. Equation (4) acts as a starting point in
analysing the transmission spectrum, a spectrum that is more accurately determined by taking into account these diffraction/interference effects51–55. SPs act to enhance the fields associated with the
evanescent waves, thus producing a way to increase the transmittance. When the metal film is thin enough, this tunneling may
become resonant because the SP modes on the two surfaces can overlap and interact via the holes49–51. Interestingly, photon entanglement can be preserved or lost upon transmission through a hole,
depending on the experimental conditions56.
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Figure 4 Normal incidence transmission for subwavelength holes. Normal incidence
transmission images (top) and spectra (bottom) for three square arrays of subwavelength
holes. For the blue, green and red arrays, the periods were 300, 450 and 550 nm,
respectively, the hole diameters were 155, 180 and 225 nm and the peak transmission
wavelengths 436, 538 and 627 nm. The arrays were made in a free standing 300 nm
thick silver film (courtesy of A. Degiron, Université Louis Pasteur, France). Only the lowest
order peak (i,j40.1 in equation (4)) of the spectrum of each array is shown as it
dominates the colour seen.The figure shows that nanostructures can control the resonant
wavelength of SP phenomena.

metal surface with protrusions, slits or holes, lenses and mirrors for SPs
may be integrated into circuits not only on an extended thin film18 but
also directly on a finite-width stripe. An example of such a structure is
shown in Fig. 3, where a Bragg reflector for SP modes is demonstrated.
Although not yet fully optimized, these early demonstrations strengthen the prospect for SP-based photonic elements.

Hole arrays
The demonstration of enhanced transmission through periodic arrays
of subwavelength holes in optically thick metallic films has sparked
new interest in SPs47–50. Not only is the transmission much higher than
expected from classic diffraction theory, it can be greater than the percentage area occupied by the holes, implying that even the light
impinging on the metal between the holes can be transmitted. In other
words, the whole periodic structure acts like an antenna in the optical
regime, nicely demonstrating the benefits that SP modes can provide.
The transmission spectra of hole arrays display peaks that can be tuned
by adjusting the period and the symmetry as shown in Fig. 4. For a
square array of period a0, the peaks lmax in the normal incidence transmittance spectra can be identified approximately from the dispersion
relation (equation (1)), and they are given by:
lmax Ïw
i2&j2.a0

!§
; ;d
}m}
;m&;d

(4)

where indices i and j are the scattering orders from the array48.
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Individual subwavelength apertures can also exhibit enhanced transmission when surrounded by a periodic structure that harvests the
incident light. If such nanostructure is added to the output side of the
film then, remarkably, the emerging light can be beamed rather than
diffracted. In addition, the light is mostly re-emitted from a very
small area surrounding the aperture57. This suggests that a well
directed source of light can be generated using a subwavelength aperture, an exciting development that is being pursued as a source for a
variety of optical technologies, including high-density magnetooptic data storage. A theoretical treatment58 shows that just a few well
designed features around the exit of a slit aperture can give rise to
beaming, as confirmed recently in the microwave region59 and shown
vividly in the numerical simulation presented in Fig. 5.
In the single hole and hole array structures described above, the
holes do not support any propagating modes, that is, the diameter of the
hole is smaller than l/2 (half the wavelength of the light that is transmitted), and tunnelling is necessarily part of the transmission mechanism.
However, when the aperture is larger than l/2 in at least one dimension,
such as a slit, then the aperture can support propagating modes60–62; the
slit can even be wrapped up in the form of an annulus63. For instance,
investigations of the transmission spectrum of periodic slit arrays reveal
that both the slit modes and the modes caused by the periodic modulation of the surface (standing wave surface modes) play a role. In the case
of a single slit surrounded by linear grooves, the transmission spectrum
is dominated by the modes caused by the periodic groove structure,
although other modes play an important role64.

Future directions
In addition to their use in photonic circuits, SPs are being explored for
other photonic technologies, notably the generation of light. A particular example is that of the organic light-emitting diode. Here excitons
are produced by injection of charge into a semi-conducting organic
layer that is typically only 100 nm thick. The close proximity of the excitons to the metallic cathode used to inject electrons means that much of
the power that would otherwise have been radiated is in fact lost to SP
modes on the cathode surface65–68, thus detracting from device efficiency. Managing and, if necessary, recovering this power through the use
of a periodic nanostructure is likely to be important for many future
device designs, especially for high-efficiency, long-life and full-colour
devices. The inverse process, that of using SPs to enhance the absorption of light, for example, in solar cells69,70, is also of interest. SP modes
have even been employed as the lasing mode in quantum cascade
lasers71.
To develop SP-based photonics, non-linear components such as
switches will also be required. The unique properties of SPs give them
some advantages in this respect. We mentioned that they are characterized by an evanescent, near field that is enhanced close to the surface.
The use of SPs to enhance non-linear processes such as harmonic generation is well known72–74, but it is only recently that experiments have
been designed to look at how non-linear effects may be used to provide
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Figure 5 Calculated pattern of light emerging
from a single slit surrounded by a finite array of
grooves (courtesy of F. J. García-Vidal,
Universidad Autonoma de Madrid, Spain) and L.
Martín-Moreno (Universidad de Zaragoza, Spain).
For this simulation there were 10 grooves on
each side of the slit, each of width 40 nm and
depth 100 nm. The groove period was 500 nm.
The contour plot shows the spatial dependence
of the component of the Poynting vector along
the radial direction for a wavelength of 560 nm,
b
corresponding to a spectral transmission
maximum. Blue indicates low intensity (3210-4),
and red high (1).
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new elements for SP-based photonics75. This is an area in urgent need of
further work.
SPs show great potential as a new class of subwavelength photonic
devices; their particular attractions are their near-field character and
their associated field enhancements. Nanoscale lithography enables
researchers to explore the underlying science and has already led to
proof-of-concept demonstrations, notably of waveguides, reflectors,
beam splitters, enhanced transmission and beaming. Some of these
components may find their way into the world of photonics as discrete elements. The greater dream of making a completely plasmonic
circuit will require much further research. It is an exciting challenge
that is stimulating activity around the world.
■
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