
nature photonics | VOL 4 | FEBRUARY 2010 | www.nature.com/naturephotonics 83

review article
published online: 29 january 2010 | doi: 10.1038/nphoton.2009.282

The performance, speed and ease-of-use of semiconductor 
devices, circuits and components is dependent on their mini-
aturization and integration into external devices. However, the 

integration of modern electronic devices for information process-
ing and sensing is rapidly approaching its fundamental speed and 
bandwidth limitations, which is an increasingly serious problem 
that impedes further advances in many areas of modern science 
and technology. One of the most promising solutions is believed to 
be in replacing electronic signals (as information carriers) by light. 
However, a major problem with using electromagnetic waves as 
information carriers in optical signal-processing devices and inte-
grated circuits is the low levels of integration and miniaturization 
available, which are far poorer than those achievable in modern 
electronics. This problem is a consequence of the diffraction limit 
of light in dielectric media, which does not allow the localization 
of electromagnetic waves into nanoscale regions much smaller than 
the wavelength of light in the material1.

The use of materials with negative dielectric permittivity is one 
of the most feasible ways of circumventing the diffraction limit and 
achieving localization of electromagnetic energy (at optical fre-
quencies) into nanoscale regions as small as a few nanometres. The 
most readily available materials for this purpose are metals below 
the plasma frequency. Metal structures and interfaces are known to 
guide surface plasmon–polariton (SPP) modes2, electromagnetic 
waves coupled to collective oscillations of electron plasma in the 
metal. As a result, plasmonics is an area of nanophotonics beyond 
the diffraction limit that studies the propagation, localization and 
guidance of strongly localized SPP modes using metallic nanos-
tructures. The recent rapid development of plasmonic waveguides 
whose mode confinement is not limited by the material parameters 
of the guiding structure has been primarily driven by the tantalizing 
prospect of combining the compactness of an electronic circuit with 
the bandwidth of a photonic network.

radiation guiding beyond the diffraction limit
The existence of surface plasmon–polariton waves, which are 
localized near and propagate along the interface of a plasma-
like medium, has been known for decades2. However, the ‘sec-
ond birth’ of SPPs and the recent rapid development of research 
in this area3–5 occurred when scientists realized that SPP modes 
in metallic nanostructures may lead to the localization of guided 
light signals far beyond the diffraction limit for electromagnetic 
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waves in dielectric media. This allows visible and infrared light to 
be concentrated into regions as small as a few nanometres, limited 
only by the atomic structure of matter, dissipation and the spatial 
dispersion of light6,7. The beginning of this major renewed interest 
in SPPs — particularly in SPP modes not subject to the diffrac-
tion limit — is marked by two papers published in 1997. The first 
demonstrated the possibility of subdiffraction guiding SPP modes 
in cylindrical metal nanowire or nanohole configurations8, and the 
second introduced the idea of nanofocusing (that is, concentrating 
light energy into nanoscale regions) using SPP modes in wedge-
like metallic structures9. These papers laid the foundation for one 
of the major research areas of modern plasmonics — SPP-based 
waveguides with subwavelength localization. This research has 
applications in the development of a new generation of nanopho-
tonics devices and circuits, and as a means of concentrating and 
delivering light energy to nanoscale regions.

Plasmon nanoguiding. Various types of metallic nanostructure 
have been proposed for guiding SPP modes. These include thin 
metal films10,11, chains of metal nanoparticles12,13, cylindrical metal 
nanorods and nanoholes in a metallic medium8,14, metal nanos-
trips on a dielectric substrate15–19, nanogaps between metallic 
media10,20–22, slot waveguides in the form of rectangular nanogaps 
in thin metal films23–26, sharp metal wedges27–31, nanogrooves in 
metal substrates30–35 and hybrid plasmonic waveguides formed by 
dielectric nanowires coupled to a metal surface36. It is important 
to note that not all SPP modes guided by these structures can be 
used for achieving subwavelength localization of the guided signals. 
For example, metal films10,11 and strips15–19 can guide either long- or 
short-range SPPs, and decreasing the thickness of the film or strip 
results in poorer localization of the long-range mode. These long-
range SPP modes experience only weak dissipation because only a 
small portion of the wave’s energy is carried in the dissipative metal. 
Hence, they can propagate relatively large distances (of the order of 
millimetres at telecommunications frequencies), but do not exhibit 
subwavelength field localization, making them impossible to use 
in highly integrated optical circuits. In contrast, short-range SPP 
modes increase their localization with decreasing lateral dimen-
sions of the guiding strip15–19 (similar to metal nanorods; Fig. B1b). 
Although such modes are characterized by relatively strong dissi-
pation and significantly smaller propagation distances than long-
range SPP modes, their major advantage is the possibility of strong 
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subwavelength localization of the guided signal — this is one of the 
major requirements for interconnects in highly integrated optical 
circuits and subwavelength optical devices and techniques (Box 1). 
This Review therefore focuses on short-range SPP modes guided by 
metallic nanostructures.

Not all of the previously analysed plasmonic waveguides are 
equally capable of guiding subwavelength plasmonic signals. For 
example, chains of nanoparticles exhibit very strong dissipation13, 
which makes them difficult to use for efficient plasmonic intercon-
nects. Nanoholes in a metallic medium are difficult to fabricate and 
also exhibit high dissipative losses8,14. Cylindrical nanowires may be 
sensitive to structural imperfections (for example, surface rough-
ness and shape non-uniformities), and may also be difficult to fab-
ricate and integrate into planar technology and nanocircuits. Metal 
strips and wedges are relatively easy to fabricate but are expected to 
exhibit relatively large bend losses and may be sensitive to structural 
imperfections. The detailed analysis of the actual impact of these 
factors on wedge plasmon waveguides and nanostrips is still to be 
investigated in detail.

At telecommunications frequencies (~1,300–1,550 nm), wedge 
plasmon waveguides have been shown to be superior to groove 
waveguide structures because of their strong subwavelength localiza-
tion of guided plasmonic signals, relatively low dissipation and large 
propagation distances (hundreds of micrometres)29,30,37. This sug-
gests that wedge plasmon waveguides are preferred30,37 over V-groove 
waveguides33–35 for subwavelength interconnects in the near-infrared. 
At optical frequencies, however, the situation is reversed; V-groove 
plasmonic waveguides provide stronger field localization and larger 
propagation distances31,33,34 than metal wedges28.

Typical field distributions of channel plasmon–polariton (CPP) 
modes and wedge plasmons guided by metallic V-grooves30–35 
and wedges27–31 are shown in Figs 1a–d. In particular, it has been 

demonstrated that mode localization can be controlled by changing 
the taper angle of the V-groove or wedge: a smaller taper angle 
increases the localization of the guided modes and therefore increases 
the number of such SPP modes guided by these structures.

The existence conditions for CPP modes and wedge plas-
mons (including the typical acceptable ranges of the taper angles 
for the guiding grooves and wedges) have been derived and 
discussed28,30,33–35,38,39. The taper angles at which guided SPP modes 
exist in metal V-grooves and wedges, have strong subwavelength 
localization and propagate significant distances (around tens of 
micrometres for visible wavelengths) typically range from 10° to 90°. 
Furthermore, to effectively guide a CPP mode, the depth of a V-groove 
should not be significantly smaller than the penetration depth of the 
fundamental mode up the groove, which depends on the frequency, 
type of metal comprising the groove, the groove angle and dielectric 
filling the groove. For example, a depth of ~300 nm is required for a 
30o vacuum V-groove in silver at λvac = 632.8 nm (ref. 34), and ~1 µm 
for a 25o vacuum V-groove in gold at λvac ~ 1 µm (ref. 30).

Experimental investigations have been conducted for both 
grooves35,40,41 and wedges29 at telecommunications frequencies, and 
for wedges at optical frequencies28. In particular, large propagation 
distances (up to hundreds of micrometres) at telecommunications 
wavelengths have been demonstrated, as well as strong subwave-
length localization of the guided SPP modes.

Another important subwavelength plasmonic waveguide 
with characteristics similar to those of a V-groove waveguide is a 
nanoslot in a thin metal film or membrane22–26. Slot waveguides can 
support two different types of guided plasmonic eigenmodes25,26. 
The first type (including the fundamental mode; Fig. 1e) are formed 
by the propagation of coupled wedge plasmons along the four 
edges of the guiding rectangular slot24–26. The localization of this 
mode quickly increases (that is, it becomes more confined) and 
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Figure 1 | Typical field distributions of guided strongly localized modes in various subwavelength plasmonic waveguides. a, Fundamental CPP mode 
in an infinitely deep metallic V-groove30. b, First higher CPP mode in an infinitely deep V-groove30. c, Fundamental wedge mode28,30. d, Fundamental CPP 
mode hybridized with wedge plasmons in a 1.172 µm groove in gold at the vacuum wavelength λvac = 1 µm (refs 30,34). e, Fundamental mode (formed by 
four wedge plasmons) in a slot in a silver membrane at λvac = 632.8 nm (refs 24–26). f, One of the higher modes of a slot waveguide in a silver membrane 
thicker than in (e), at λvac = 632.8 nm (refs 23,25,26). g, Fundamental mode in a gold nanostrip on a sapphire substrate (y < 0) at λvac = 1.48 µm (ref. 18). 
h, Hybrid mode of a GaAs nanowire in the glass host coupled to the silver surface at λvac = 1.55 µm (ref. 36). The diameter of the wire is 200 nm, and 
the separation between the wire and the silver substrate is 100 nm. Figures reproduced with permission from: a–d, ref. 30, © 2006 OSA; e,f, ref. 25, 
© 2005 AIP; g, ref. 18, © 2008 OSA; h, ref. 36, © 2008 NPG.
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its speed decreases as the thickness of the film and/or gap width 
is reduced25,26. The second type (Fig. 1f) are formed by a gap SPP 
experiencing successive reflections from the top and bottom of the 
slot23,25,26. The preliminary experimental observation of SPP modes 
in slot waveguides confirmed both their existence and significant 
propagation distances25.

The possibility of coupling two neighbouring slot waveguides 
is important for the development of nanoscale directional cou-
plers and for understanding how close two such waveguides can 
be placed together in a circuit before they begin to interfere with 
each other23,42,43. It has been shown that including additional metal-
lic screening in the design of the slot waveguide could substantially 
reduce cross-talk without jeopardizing mode localization and prop-
agation length42.

Figures 1g and 1h present the typical field distributions in a 
metal nanostrip18 and hybrid waveguide36, respectively. In partic-
ular, Fig. 1g shows very strong subwavelength localization of the 
fundamental guided mode — more than 10 times smaller than 
λvac ≈ 1.48 µm. A hybrid waveguide formed by a dielectric nanowire 
coupled to a metal surface (Fig. 1h) may also provide significant 
mode localization (particularly in the vertical direction) when the 
distance between the nanowire and the surface is reduced36. It also 
results in relatively low mode dissipation, and thus may signifi-
cantly outperform other plasmonic guiding geometries in terms of 
the propagation length for comparable mode areas36.

An understanding of the true advantages, efficiencies and optimi-
zation of different types of plasmonic/conventional waveguides and 

interconnects for integrated nano-optics and optical signal process-
ing have been proposed and discussed19,44. These summaries consider 
the determined mode size, waveguide cross-talk, energy dissipation 
and three different numbers of merit, as well as giving important and 
useful methods of comparison.

Plasmon nanofocusing. One of the most tantalizing prospects of 
plasmonic subwavelength waveguides is their ability to concentrate 
(focus) light energy into nanoscale regions as small as a few nano-
metres. This plasmon nanofocusing9,18,38,45–58 is typically achieved 
using tapered metallic guiding nanostructures such as tapered 
metal rods45,46,52–54, sharp metal wedges9,47,48,55, the tapered section 
of a metal film on a dielectric substrate47, and the tapered nanogap 
between two metallic media9,38,49–51,55.

Plasmon nanofocusing can occur in the adiabatic38,45,47–49 and 
non-adiabatic49–53 regime. In the adiabatic (or ‘geometrical optics’) 
approximation, the nanofocusing structure is weakly tapered (the 
taper angle is sufficiently small) so that the propagating SPP mode 
does not ‘feel’ the taper and thus does not experience any significant 
reflections from it. For example, at λvac = 632.8 nm in a gold tapered 
rod in vacuum, the adiabatic approximation is applicable up to taper 
angles of ~35o (ref. 53). If the taper angle is increased further, then 
significant reflections of the plasmon from the taper occur, which 
require rigorous numerical methods of analysis49–53. In this case, there 
exists an optimal taper angle for achieving maximum enhancement 
near the tip of the focusing structure49–53, and also an optimal length 
of the taper51,53.

Dielectric fibres and slabs can guide electromagnetic modes. 
Decreasing the diameter of a fibre (or the thickness of a slab) reduces 
the number of supported guided modes. The fundamental mode in 
an optical fibre/slab is the only mode with no cut-off diameter or 
thickness; when the fibre diameter d is decreased, the fundamental 
guided mode penetrates deeper into the surrounding medium and 
eventually (at d = 0) becomes a bulk plane-wave in the medium sur-
rounding the fibre (Fig. B1a). At the same time, as d → 0, the wave-
length λ of the guided mode monotonically increases from λ0, the 
wavelength of the bulk wave in the fibre medium (as d → ∞), to the 
wavelength in the surrounding medium. As a result, the mode size 
(shown in Fig. B1a by the dashed lines) decreases when the diameter 
of the fibre is decreased to ~λ0, and then increases to infinity when 
the fibre diameter is reduced further. Thus, decreasing the diameter 
of an optical fibre or the thickness of a guiding slab to zero cannot 
lead to subwavelength localization of the guided mode. This feature 
indicates the diffraction limit of light in dielectric waveguides and 
constitutes the main hurdle in achieving higher degrees of mini-
aturization and integration of optical devices and interconnects.

The situation for guiding SPP modes in plasmonic metal 
nanowires and waveguides is drastically different. When the diam-
eter d of a cylindrical metal nanowire is reduced below the wave-
length λ0sp of the SPP on the flat metal interface, the fundamental SPP 
mode (whose magnetic field has axial symmetry and is perpendicu-
lar to the nanowire axis) experiences a strong monotonic increase 
in localization and a significant reduction in its phase and group 
velocities8,45. As a result, the diameter of the guided SPP mode can 
be decreased to just a few nanometres, limited only by the increased 
dissipative losses, the atomic structure of matter and spatial disper-
sion6,7,45. This feature is the principle behind using plasmonic nanos-
tructures as subwavelength optical devices and interconnects for 
highly integrated nano-optics circuits and components, as well as 
for the delivery of light to the nanoscale, including to nano-optical 
devices, quantum dots and individual molecules.
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Figure B1 | Guided modes: dielectric fibres versus metal nanowires.  
a,b, Typical field structures, localization and wavelengths of the fundamental 
modes guided by dielectric fibres (a) and cylindrical metal nanowires (b) for 
different core diameters. λ0 and λ0sp are the mode wavelengths for infinite-
diameter fibres or metal nanowires, respectively. The dashed horizontal 
lines show the localization of the mode at the 1/e level of the field.
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An interesting analytical approach based on the quasi-separation 
of variables and perturbation methods54,55 has been developed as an 
alternative for plasmon nanofocusing in conical rods and wedge-
like structures. This approach may allow determination of approxi-
mate analytical or semi-analytical plasmonic solutions in tapered 
metallic structures in the non-adiabatic regime.

So far, the strongest local field enhancement (up to ~2,000 
times) for a nanofocusing structure has been predicted to be in 
tapered metal rods53. Wedges and tapered gaps may be less effi-
cient in this respect, providing up to only ~10–100 times the local 
field enhancement with a tip of radius of a few nanometres47,49–51. 
All the nanofocusing structures considered above — except for 
wedges — provide equally strong field localization in regions as 

small as a few nanometres, limited only by spatial dispersion and 
the atomic structure of matter6,7,45. A single wedge typically pro-
vides slightly weaker localization in larger regions of ~10–20 nm. 
The local field enhancement in nanofocusing structures is heavily 
influenced by both the conditions at the tip and (in particular) the 
radius of the tip. For example, decreasing the tip radius from 10 nm 
to 2 nm for a tapered gold rod with a taper angle of ~35o (optimal 
for λvac = 632.8 nm) increases the local field enhancement at the tip 
from ~200 to ~1,600 times53.

Several groups have reported successful observation of plas-
mon nanofocusing in a variety of metallic nanostructures18,56–58. For 
example, SPP modes were generated on the surface of a gold tapered 
rod using a grating coupler (Fig. 2a)56. Significant dipole radiation 
from the tip was observed, with the polarization and angular dis-
tribution confirming that it was generated by the strongly localized 
nanofocused transverse magnetic plasmon–polariton.

Plasmon nanofocusing in tapered gaps has been experimen-
tally demonstrated and characterized at the wavelength of 1.53 µm 
(ref. 57). The fabricated structure used in this study (Fig. 2d) was 
a metallic groove with two tapered sections: ~70.6o (the input sec-
tion for direct coupling of the incident light into the groove) and 
~17o (the lower output section where nanofocusing occurs). Far-
field power measurements from each of the output sections allowed 
determination of the light intensity (and thus the field enhance-
ment) at the narrowest section of the tapered gap57. As a result, plas-
monic fields have been concentrated (nanofocused) into regions as 
small as ~λvac/40, with a typical local field enhancement of at least 
10 (in terms of the enhancement of the electric field intensity at the 
narrowest part of the gap)57.

In another approach (Fig. 2e,f), plasmon nanofocusing was 
realized using CPP modes that propagate along triangular grooves 
of gradually decreasing depth and angle58. In this case, the gradu-
ally increasing localization of the CPP mode is equivalent to the 
two-dimensional focusing of the wave, and this results in a signifi-
cant local field enhancement along the taper (~90 times, measured 
for the amplitude squared with a 2-µm-long taper58). The relative 
simplicity of fabrication allows consideration of more complex 
nanofocusing structures such as Y-splitters, which can provide 
multiple enhanced outputs (as shown in the ‘plasmonic candle-
stick’; Fig. 2e).

passive plasmonic components
Realization of the tremendous potential of SPP-based nanophotonic 
circuits is dependent on resolving several serious issues, such as the 
efficient coupling to nanoscale waveguides and the implementation 
of functional components within the limitations imposed by inevi-
table SPP propagation losses59.

Plasmon coupling. Efficient coupling of input radiation — either 
freely propagating from a laser source or delivered by an optical 
fibre into a nanoscale SPP waveguide — is a challenge because of 
significant mode mismatch. One might adopt a generic coupling 
strategy that uses tapered configurations similar to those devel-
oped for plasmon nanofocusing, provided that the appropriate SPP 
mode (to be focused) can be efficiently excited60,61. Various cou-
pling approaches have been developed and exploited for different 
waveguiding geometries.

In the case of metal nanowires, possibly the simplest method 
is to focus a laser beam onto one end facet of a nanowire whose 
extremity scatters the incident radiation in all directions. If the 
incident radiation is polarized along the nanowire axis, the laser 
excites the SPP nanowire mode by providing an additional wave 
vector (momentum) to match that of the SPP mode62–64. A propa-
gating mode reaching the other end of the nanowire is partially 
scattered into free space, allowing observation of the mode excita-
tion. It has also been shown that no mode can be excited when the 
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Figure 2 | experimental structures for achieving plasmon nanofocusing. 
a, Tapered gold rod with a grating coupler for plasmon generation and 
nanofocusing at ~780–800 nm (ref. 56). b, A tapered section of a gold film 
on a sapphire substrate; the fundamental mode in the strip experiences 
nanofocusing near the tip of the taper18. c,d, Experimental realization of 
nanofocusing in tapered grooves, showing theoretical modelling of the 
plasmon coupling, propagation and enhancement in a fabricated tapered 
groove (c), and a scanning electron microscope (SEM) image of a typical 
V-groove cross-section (d). The groove has a wide upper region for 
’catching’ the incoming beam, and narrow lower region where nanofocusing 
takes place57. e, Near-field optical image (λvac = 1,500 nm) showing 
significant signal enhancements in the four groove tapers (a plasmonic 
‘candlestick’) with gradually reduced depth and taper angle58. Inset, SEM 
image of 5-µm-long Y-splitters terminated by 2-µm-long tapers58. f, SEM 
image of a V-groove with the groove angle decreasing towards the taper end 
(top)58. Figures reproduced with permission from: a, ref. 56, © 2007 ACS;  
b, ref. 18, © 2008 OSA; c,d, ref. 57, © 2009 OSA; e–g, ref. 58, © 2009 ACS.
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radiation is focused on a smooth nanowire surface (away from its 
ends and defects) and/or when the incident radiation is polarized 
perpendicular to the nanowire axis, which demonstrates the impor-
tance of both phase (wave vector) and field matching. Similarly, 
waveguide excitation can be achieved using properly polarized 
radiation to illuminate nanoscale structural non-uniformities (such 
as defects, bends and junctions) in a waveguide, as well as nanopar-
ticles placed close to a nanowire64–66. It was recently demonstrated 
that radiation can also be delivered to a nanowire end facet via a 
dielectric waveguide oriented perpendicular to the nanowire axis 
to provide the required mode polarization — the advantage being 
that several nanowires can be excited simultaneously67.

Efficient excitation of a nanowire’s fundamental SPP mode is 
a serious challenge. This is because of the field symmetry in this 
mode: one of the main electric field components is radially polar-
ized, so the incident radiation, which is typically linearly polarized, 
can be coupled into the nanowire only through the longitudinal 
field component parallel to the nanowire axis. In contrast, the CPP 
field is mostly linearly polarized (perpendicular to the groove sides), 
which allows the use of straightforward and quite efficient end-fire 
excitation with a tapered polarization-maintaining single-mode 
fibre35,40,41. Finally, it should be noted that a coupling efficiency of 
up to ~70% was predicted to be feasible for the end-fire coupling 
between high-index contrast dielectric slab waveguides and gap 
SPP waveguides68 (whose fundamental mode is similar to the CPP 
in terms of its polarization properties).

Plasmon routing and filtering. Realization of SPP-based nanophot-
onic components poses another difficult challenge because of labori-
ous fabrication processes (for example, metal nanowires have so far 
been fabricated only chemically, which does not allow deterministic 
control over their topology62–67) and inevitable propagation losses 
that increase rapidly with decreasing plasmonic mode size. Note that 
mode shape and confinement determines both the bend loss and 
minimum waveguide separation, and therefore has a crucial role in 
the miniaturization of waveguide components5. For example, strongly 
confined gap SPPs were shown through numerical simulation22 to be 
suitable for the design of nanoscale photonic circuits (formed by sil-
ver–air–silver gaps of varying width) for efficient multiport branching 
within an area smaller than λvac

2. Designs of nearly lossless 90° bends69 
and nanoscale Fabry–Pérot inteferometers70 based on CPP waveguid-
ing in silver V-grooves have also been suggested using numerical 
simulations (Fig. 3a,b). Mode propagation around sharp bends has 
been experimentally observed with both silver nanowires support-
ing cylindrical SPPs64 and gold V-grooves guiding CPPs40 (Fig. 3c,d). 
Furthermore, the enormous potential offered by subwavelength mode 
confinement has also been demonstrated using CPP-based waveguide 
components such as Mach–Zehnder interferometers and ring reso-
nators40, and also using add-drop multiplexers and Bragg gratings41, 
which can be significantly smaller than plasmonic components based 
on diffraction-limited SPP waveguide configurations.

Another important aspect of subwavelength waveguiding using 
plasmons is the wavelength selectivity δλ, which is introduced by 
the loss. The expression δλ/λ ~ 0.5λsp/Lsp, where λsp is the SPP wave-
length, shows that the wavelength selectivity decreases as the loss 
increases (that is, propagation length Lsp decreases). For example, 
a CPP-based ring resonator at telecommunications wavelengths 
(~1.5 µm) can be designed to work as a switch between the open 
(transmission) and closed (absorption) states when tuning the 
wavelength by ~22.5 nm, provided that the ring circumference Lsp is 
~50 µm. It has indeed been demonstrated71 that a 10-µm-radius ring 
resonator exhibits switching between the two transmission states 
when the wavelength is tuned over ~20 nm (Fig. 4).

Plasmonic nano-antennas. The underlying physics of the SPP-
based nanophotonic components considered above is extremely 

important for the design and realization of nano-antennas and 
resonators, which constitute an example of stand-alone plasmonic 
components and could also be integrated in nanophotonic circuits 
to facilitate plasmon coupling and detection. The main idea72 is to 
exploit retardation-based resonances involving short-range SPP 
modes, which, owing to their nanoscale confinement, can be effi-
ciently reflected by terminations in a waveguiding nanostructure 
(such as a stripe72, metal–dielectric–metal gap73 or wire74). Such a 
nanostructure therefore functions as a Fabry–Pérot cavity with a res-
onance condition L(2π/λsp) = mπ − φ (where L is the nanostructure 
length and φ is the reflection phase). Depending on the particular 
SPP mode symmetry, a finite-length nanostructure at resonance can 
have a field distribution similar to that of an electric (stripe or wire) 
or magnetic (gap) dipole, and correspondingly strong scattering 
(similar to that of an antenna) or resonating properties75. In either 
case, because the short-range SPP wavelength tends to zero when 
the structure width decreases, one can design nano-antennas and 
resonators with dimensions as small as a few nanometres (limited 
only by the atomic structure of matter and spatial dispersion6,7,45), 
which operate at any given wavelength72–75. Experimentally, opti-
cal resonances in individual metal nanowires63,76–78, gap cavities73,79 
and nanostrip80 antennas have been successfully observed and 
attributed to the occurrence of a standing-wave pattern formed 
by counter-propagating SPP modes. The importance of accurately 
taking into account the phase change φ accumulated on reflection 
by the structure termination has also been demonstrated79–81. A 
properly designed plasmonic nano-antenna with a gap in which 
the local field is strongly enhanced (owing to the boundary con-
ditions)72 can be advantageously used to concentrate and detect 
radiation in nanoscale volumes, thereby providing a new method 
for ultrafast detection82.
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view of the calculated CPP field distribution at a distance of 60 nm 
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active nanoplasmonics
To be complete, plasmonic circuits will have to incorporate active 
components that can generate suitable SPP modes, modulate the 
transmitted field phase and/or amplitude, and detect output radia-
tion, preferably without converting SPP modes into freely propagat-
ing light waves.

Plasmon modulation. Implementation of field modulation in an 
SPP waveguide configuration is strongly influenced by its material 
composition and the strength of material effects available, such as 
thermo-, electro- and magneto-optical effects or optical nonlineari-
ties (for all-optical radiation control). However, because all of these 
effects are inherently weak and the propagation distances of nanos-
cale-confined SPP modes are very small, the challenge of realizing 
SPP modulation is enormous. Long-range SPP-based thermo-opti-
cal modulators and switches were the first plasmonic components in 
which the same metal circuitry was used to both guide the optical 
radiation and transmit the electrical signals that efficiently control 
the guidance83. In early attempts to exploit SPPs for light modula-
tion, the main operation principle was to perturb the attenuated total 
reflection, for example by piezo-electrically varying the prism–metal 
gap84, which is efficient (~75%) but slow (~100 kHz), or by electro-
optically changing the refractive index of the polymer film adjacent 
to the metal85, which is extremely fast (~20 GHz) but inefficient 
(~0.1%). Both configurations are bulky and difficult to downscale.

Recently, electro-optical modulation in thin-film interferometers 
that support SPP propagation (along an interface between silver and 
barium titanate86) and the electrical control of light transmission using 
a field-effect silicon modulator based on multimode interference in 
a plasmonic waveguide87 were realized using planar components. 

However, in terms of operation speed, all-optical control has the 
potential for the fastest switching. A much larger dynamic range of 
light absorption in plasmonic structures, compared with that of the 
real part of the refractive index, opens the possibility for efficient 
all-optical modulation of SPP transmission by influencing absorp-
tion in the metal88 and dielectric (using quantum dots89 and photo-
chromic molecules90). This has allowed femtosecond switching to be 
reached88–90. It should be noted that, in the above examples84–90, the 
modulation was achieved using planar SPP modes (that is, not con-
fined in the lateral direction), so the challenge of modulating guided 
localized SPP modes is also yet to be tackled.

Plasmon amplification, generation and detection. Some of the 
challenges mentioned above, such as the short-propagation dis-
tances for modes with strong field confinement, would be greatly 
alleviated if SPP propagation losses were significantly decreased. 
One way of compensating for SPP loss is to introduce optical gain 
in the dielectric material adjacent to a metal91. This is challenging, 
however, because the gain required to match the SPP dissipative loss 
is very large. 

Generally, losses are smaller at longer wavelengths. As a result, 
SPP-based lasers have been successfully realized in the mid-infra-
red range — these are essentially semiconductor quantum cascade 
lasers with SPP waveguides92,93. A principle for offsetting SPP loss 
using gain was demonstrated for visible wavelengths only a few years 
ago94, and very recently some SPP loss compensation was claimed 
for visible wavelengths using optically pumping dye-impregnated 
polymers95, and for telecommunications wavelengths using erbium-
doped phosphate glass96 and polymers embedded with quantum 
dots97. Experiments using dye-impregnated polymers resulted in 
the observation of SPP stimulated emission, with efficient feedback 
being the only missing link to realize the generation of a coherent 
SPP beam98. Furthermore, direct polychromatic SPP excitation/
generation has been demonstrated using free-electron irradiation 
of metal films99,100 and organic red-emitting LEDs designed to allow 
SPP extraction101.
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b, Fluorescence microscope image showing the excited quantum dot (red 
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The above configurations91–101 exploit SPP modes that are only 
weakly confined (that is, diffraction limited) in width, thus helping 
to minimize propagation losses, which always rise with increasing 
mode confinement. However, strongly confined (nanoscale) SPP 
modes are ideally suited for efficient excitation by individual nano-
emitters. Theoretical considerations of metal nanowires102,103 and 
metal–dielectric–metal slot waveguides104 have indicated that the 
corresponding SPP modes can be very strongly coupled to nearby 
emitters, resulting in the broadband (non-resonant) enhancement 
of spontaneous emission and the efficient generation of single opti-
cal plasmons. Experimentally, efficient exciton–plasmon–photon 
conversion at ~650 nm was demonstrated105 (including at the 
single-photon level106) using CdSe quantum dots placed near to sil-
ver nanowires , with efficiencies of up to ~50% for a single CdSe 
quantum dot emitting into nanowire SPPs and single plasmons 
(Fig. 5). This remarkable achievement has many exciting prospects, 
such as the realization of single-photon transistors107.

Realizing the enormous potential of the SPP-based nanophot-
onic components discussed above also requires efficient detection 
techniques that can be integrated directly into plasmonic circuits. 
The first steps in this direction were accomplished very recently, 
resulting in direct electrical detection of propagating SPP modes 
supported by planar air–metal108 and metal–insulator–metal109 
structures, as well as by metal nanowires110. The SPP detection 
schemes were based on the SPP coupling to an organic diode108, a 
nanoslit metal–semiconductor–metal photodetector109 (Fig. 6a) 
and a nanowire field-effect transistor110 (Fig. 6b), respectively. For 
the nanowire field-effect transistor, SPP generation by an individual 
quantum dot106 was integrated with the electrical SPP detection, 
thus providing a complete plasmo-electronic nanocircuit.

conclusions
The ongoing studies into plasmonic nanostructures capable of guid-
ing surface plasmons beyond the diffraction limit have already 
demonstrated the unique capability of these structures for efficient 
concentration and manipulation of light in nanoscale regions. These 
structures have also demonstrated their ability to deliver light energy 
to nanoscale optical and electronic devices, quantum dots and even 
separate molecules. The possibility of strong subwavelength locali-
zation of guided plasmonic signals makes these structures par-
ticularly useful for the future design and development of highly 
integrated and efficient nano-optical signal-processing devices and 
circuits59. They are also expected to provide an essential and efficient 
link between conventional optical communication components and 
nano-electronic systems for data and information processing.

Plasmonic nanofocusing structures have demonstrated strong 
local field enhancement and confinement, which has potential for 
the design of new generations of sensors, detectors and nano-imag-
ing techniques. Such techniques enable optical characterization of 
separate molecules. This may lead to new optical nanomanipulation 
methods in nanotechnology, biophotonics and medical testing. The 
unique features of plasmonic nanostructures are being intensively 
explored in other exciting directions of research, such as localized 
plasmon excitations in metal nanoparticles111, plasmon-mediated 
enhanced optical transmission through subwavelength apertures112 
and heat-assisted magnetic recording using the near-field in plas-
monic structures113. It is also important to note that due to the rapid 
development of active plasmonics, this Review may not adequately 
cover the most recent advances in this exciting area114,115.

Important future practical applications of plasmon guiding 
structures in optical signal processing, sensing and imaging — 
including the realization of their unique features and benefits — are 
strongly dependent on further theoretical advances in this area. 
However, these future applications are even more dependent on 
the successful development of experimental methods and tech-
niques for the reliable fabrication of optimally designed structures, 

the efficient generation of plasmonic modes guided beyond the dif-
fraction limit, and the detection of signals from nanoscale objects 
(including single molecules). Plasmonics is still in its infancy, and 
the practical integration of all plasmonic components designed for 
efficient plasmon generation, manipulation and detection is a sig-
nificant and formidable technological challenge.
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