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Abstract—Interactions between light and matter can be dramatically modified by concentrating light into a small volume for a
long period of time. Gaining control over such interaction is critical
for realizing many schemes for classical and quantum information
processing, including optical and quantum computing, quantum
cryptography, and metrology and sensing. Plasmonic structures
are capable of confining light to nanometer scales far below the
diffraction limit, thereby providing a promising route for strong
coupling between light and matter, as well as miniaturization of
photonic circuits. At the same time, however, the performance of
plasmonic circuits is limited by losses and poor collection efficiency,
presenting unique challenges that need to be overcome for quantum plasmonic circuits to become a reality. In this paper, we survey
recent progress in controlling emission from quantum emitters using plasmonic structures, as well as efforts to engineer surface
plasmon propagation and design plasmonic circuits using these
elements.
Index Terms—Integrated photonic circuits, optoelectronic devices, plasmons, quantum optics.

I. INTRODUCTION
HE absorption probability of a single photon by a single
atom is typically very weak because there is a large mismatch between the optical absorption cross section of an atomic
transition and the diameter of the excitation beam. Similarly,
efficient collection of single photons is difficult due to the mismatch between a dipole emission pattern and an optical mode.
The interaction between a single photon and a single emitter can
be enhanced using several strategies. For a radiatively broadened
transition, the absorption cross section of a quantum emitter is
proportional to the absorption wavelength squared (λ2 ) [1], and
efficient absorption can be achieved by tightly focusing the incident beam [2]–[4]. Unfortunately, this technique is not effective
for transitions broadened due to dephasing, as is typically the
case in solid-state emitters. Another strategy is to place the
emitter into a high finesse macroscopic or nanophotonic cavity,
giving the photon many chances to interact with it [5]. Finally,
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an emitter can be placed next to a plasmonic structure where
the electromagnetic excitation can be arbitrarily confined well
below the diffraction limit [6], [7]. In such a configuration, light
can be concentrated to match the small absorption cross section
of the emitter and slowed due to a reduced group velocity to
further enhance the photon-emitter coupling. This phenomenon
is the basis of quantum plasmonics.
When light impinges on a metal–dielectric interface, it can
induce charge density oscillations bound to the electromagnetic
field oscillation. This phenomenon has been theoretically understood for over a century: the extinction properties of small
metallic particles were first described by Mie in 1908 [8], and
plasma oscillations in thin metallic films were quantitatively described by Ritchie in 1957 [9]. Recent developments in microand nanofabrication and synthesis have led to renewed efforts in
the field of plasmonics [10]–[14]. In metallic particles smaller
than the wavelength of light, the confinement of conduction
electrons provides a restoring force that leads to a peak in
extinction known as a localized surface plasmon (LSP) resonance. Numerous research efforts over the past decades have
focused on characterizing and manipulating LSPs of small particles, leading to exquisite control over particle shape and size,
generating rods [15], [16], shells [17], [18], rings [19], platonic solids [20]–[22], and heterostructures [23]. LSPs have
also been exploited for plasmonic antennas [24], gratings [10],
[12], and hole arrays exhibiting extraordinary transmission [25],
[26]. There have also been several studies showing control over
the plasmon resonance via interparticle interaction [27] and
plasmon mode hybridization [28], [29]. Together, these techniques can be used to tune LSPs over the entire visible range
into the near IR. The traditional applications of this work have
been in sensing and for use as surface-enhanced Raman spectroscopy substrates [30], [31]. Many studies have also demonstrated the use of these plasmonic nanoparticles in enhancing
absorption and scattering in photovoltaics [32], photoelectrochemical cells [33], [34], and other energy-harvesting devices.
Recently, sophisticated multinanoparticle structures have been
shown to display interesting effects, such as quantum interference between different plasmonic decay channels [35].
In metallic films, charge oscillations can propagate along the
metal–dielectric interface at frequencies below the material plasmon resonance. These propagating surface plasmon polaritons
(SPPs) are distinct from LSPs in that they have a nonzero real
component of their wave vector, i.e., they have a well-defined
propagation direction. SPPs can be waveguided and manipulated
like photons, thereby opening up the prospect of designing integrated plasmonic devices and circuits, analogous to integrated
photonics and electrical circuits [10], [14]. These plasmonic
circuits can confine and guide light well below the diffraction
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Fig. 1. (a) Dispersion relationship for a flat metal–dielectric interface (blue)
and the fundamental modes of a 1-D plasmonic waveguide of radius R =
0.5/k 0 (green) and R = 0.2/k 0 (red). (Reproduced with permission from [36])
(b) Allowed modes k S P P || as a function of R, where k S P P is the wave vector
in the metal medium. Higher order modes show cutoff, while the fundamental
mode (black) exhibits a k S P P || ∝ 1/R dependence. Inset shows the propagation
length for the fundamental mode as a function of R (Reproduced with permission
from [7]). For both figures, the metal is silver, and the surrounding dielectric
has dielectric constant = 2.

limit, and thus have natural applications toward sensing, optoelectronic interfacing, and Purcell enhancement of emission.
Compared with a free-space photon of the same frequency, an
SPP has higher momentum, lower group velocity, and greater
spatial confinement. The
 SPP is characterized by its wave vecεm
where k0 is the free-space wave
tor kSPP : kSPP = k0 εεd d+ε
m
vector, εm is the dielectric constant of the metal, and εd is
the dielectric constant of the surrounding dielectric medium.
The dispersion relationship for SPPs (see Fig. 1) bends away
from the light line (kSPP > k0 ) and kSPP goes to infinity as
the frequency asymptotically
approaches the material plasmon
√
resonance (ω = ωSP / 2): consequently, the momentum of the
SPP becomes very large, the wavelength becomes small, and the
effective impedance approaches infinity near the plasmon resonance. This dispersion enables the confinement of light to deep
subwavelength dimensions close to the plasmon resonance.
Special plasmonic waveguide geometries enable the confinement of light to arbitrarily small, subwavelength dimensions
away from the plasmon resonance [36]–[38]. For example, in
a cylindrical plasmonic waveguide, the electric field intensity
is bound to the surface even for arbitrarily small radii. This
is in stark contrast to a dielectric waveguide (such as an optical fiber), for which as the radius shrinks below the diffraction limit, the first-order guided mode becomes exponentially
unconfined. The existence of a bound, confined, fundamental
mode as the radius approaches zero is unique to plasmonic
waveguides, but not restricted to the cylindrical, 1-D geometry. Over recent years, a variety of waveguide geometries,
including arrays of metallic dots [39], metal–insulator–metal
(MIM) structures [40], metallic grooves [41], and hybrid metal–
semiconductor structures [42], have been investigated.
The ability to concentrate light to arbitrarily small dimensions
opens the door to both strong coupling with quantum emitters
and the construction of compact photonic circuits. Two major challenges must be addressed to realize these goals. First,
the momentum mismatch between SPPs and free-space photons
makes it difficult to couple into and out of SPP modes from
the far field. Many studies rely on natural but inefficient scattering centers in plasmonic waveguides, such as imperfections

Fig. 2. Coupling to quantum emitters. (a) Schematic of quantum dot emission
into SPPs in a nanowire waveguide (reproduced with permission from [45]). The
quantum dot can radiate into the far field (Γ ra d ) or into SPPs, where they can
nonradiatively decay as heat, or scatter back into the far field at the end of the
nanowire ( Γ p 1 ). (b) AFM image of nanodiamonds decorating a silver nanowire
(reproduced with permission from [49]). Inset shows fluorescence from NVs in
the nanodiamonds.

in the metal film or the ends of the waveguide [43]–[45]. Others utilize near-field scanning optical microscopy (NSOM) to
characterize propagation [41], [46]: in this case, however, excitation and collection efficiencies are limited by the transmission
through subwavelength apertures [47]. Recently, this limitation
has been circumvented by higher efficiency coupling schemes
involving near-field detection with electrical components [43] or
evanescent coupling to photonic waveguides and fibers [48]. Alternatively, far-field collection has also been improved via gratings designed for directional outcoupling. Second, the losses in
metallic systems limit propagation lengths for confined modes,
making it difficult to construct resonant cavities and integrated
circuits. Some progress has recently been made in exploring new
waveguide geometries with lower losses, as well as plasmonic
devices incorporating gain media.
In this paper, we will explore recent advances in quantum
plasmonics, specifically, efforts toward efficient coupling between quantum emitters and plasmonic waveguides/devices (see
Section II), as well as efforts to manipulate and control the resultant SPPs. We will discuss waveguides and integrated plasmonic/photonic devices in Section III, near-field electrical interfaces in Section IV, and active devices in Section V. The final
section will present several applications of quantum plasmonics.
We primarily examine research and devices relevant to building
up quantum plasmonic circuit elements, and review potential applications and strategies for realizing fully functional circuits.
For other applications of plasmonic devices outside of the scope
of this paper, we refer the reader to several other comprehensive
reviews on the topic in [10]–[13], and [38].
II. COUPLING TO QUANTUM EMITTERS
A. Efficient Coupling of Single Photons to SPPs
There have been several recent demonstrations of the efficient
coupling of quantum emitters to plasmonic waveguides [36].
In 2008, Akimov et al. showed that emission from a single
quantum emitter could be efficiently coupled into plasmons by
positioning colloidal quantum dots near silver nanowire waveguides [see Fig. 2(a)] [45]. The coupling efficiency was estimated to be around 60%, and the emission rate showed a small
Purcell enhancement of 1.5–2. Subsequently, Kolesov et al. coupled diamond nanocrystals containing nitrogen vacancy (NV)
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centers to silver nanowires [see Fig. 2(b)], and showed Fabry–
Perot fringes in the SPP-coupled fluorescence, as well as a moderate Purcell enhancement [49]. Other examples include emission enhancement near metal nanoparticles [50], quenching and
emission enhancement of single emitters near metallic structures
[51]–[54], pumping single emitters from plasmon waveguides
[55], enhancement of magnetic dipole transitions near a gold
mirror [56], and directing the emission of a single quantum dot
to the far field using plasmonic antennas [57].
In most devices, however, it has been difficult to quantify
the emission rate enhancement into surface plasmons because
lifetime measurements include both radiative and nonradiative
contributions, and coupling efficiencies to the far field are difficult to measure accurately. This is of particular concern in
plasmonic systems because the nonradiative decay rate can be
significantly enhanced very close to the metal surface, leading to
an optimum emitter-surface distance for coupling into SPPs that
is difficult to control (see Section II-B) [7]. It is therefore important to design experimental schemes to carefully disentangle
the nonradiative and radiative emission rates.
B. Purcell Enhancement of Spontaneous Emission
In the weak-coupling regime, the rate of spontaneous emission of a quantum emitter is given by Fermi’s golden rule:
Γ = 2πg 2 ρe (ω)ρc (ω)dω where g is the coupling between
the emitter and the electromagnetic field (vacuum Rabi frequency), ρe (ω) is the optical density of states of the emitter
at the frequency ω, and ρc (ω) is the optical density of states
of the electromagnetic
environment. The Rabi frequency is

ω
given by g = μ ε 0 h̄V where μ is the transition dipole moment of the transition,
and V is the mode volume. V is given by

ε|E |2 dV
λ
0 3
, where λ is the free-space wavelength.
V =( )
n

m ax(ε|E |2 )

0

Some care must be taken in rigorous mode volume calculations
in these systems [58], [59]. For a medium with negative dielectric constant, appropriate approximations must be used to avoid
negative energy density terms. Typically, the dielectric constant
in a dispersive medium is substituted with the “effective dielecε)
tric constant” ε = d(ω
dω , and the Drude model result for this
effective dielectric constant is adequate for order of magnitude
estimates.
In a cylindrical plasmonic waveguide with radius R and
length L, the effective mode volume is proportional to the
mode area, Veﬀ ∼ R2 L. The density of states for plasmonic
modes is given by p(ω) ∼ L · dk/dω, and is inversely proportional to the group velocity. The momentum of SPPs, and
thus the group velocity reduction, scales inversely with radius,
kSPP ∼ 1/R, yielding the scaling relation for emission rate into
SPPs, ΓSPP ∝ 1/R3 .
There can also be enhancement of nonradiative contributions to the emission rate. This has a distance dependence
Γn o n r a d
−1
3
≈
Im( εεmm +1
) and thus there exists an op3
Γ0
3 3/2
16k 0 (d−R ) ε d

timum distance from the surface of the plasmonic waveguide to
achieve maximum Purcell enhancement [6], [60].
In a plasmonic cavity, this Purcell factor can be further
enhanced. Starting from the Purcell enhancement in a cav-
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ity Γ = Γ0 4π3 2 VQe f f , where Γ0 is the emission rate in vacuum,
we can also write the mode volume in terms of the effective area of the mode Aeﬀ and the length of the cavity Leﬀ ,
Veﬀ ∼ Aeﬀ Leﬀ . If the losses are dominated by material absorption, as expected for plasmonic devices, we can write Q
in terms of the SPP propagation length LSPP and SPP wavelength λSPP , Q = 2πLSPP /λSPP . Leﬀ can be chosen to be as
small as λSPP /2. Since λSPP and LSPP both scale with R, the
overall scaling of the Purcell enhancement factor (F = Γ/Γ0 )
goes as 1/R3 . The finesse of the plasmon cavity  is given
by LSPP /Leﬀ . Because λSPP ∼ vg , the Purcell enhancement
in the plasmonic cavity F can be written as a product of the
enhancement due to the bare wire F0 and , F ∝ F0 . This
intuitive result shows that the electric field confinement is due
to the smaller effective area of the mode, and the Purcell factor
can be further increased by a factor of the number of roundtrips
in the plasmon in the cavity.
C. Color-Selective Single Photon Emission
When an emitter with emission rate Γ0 is incoherently broadened such that its bandwidth Δω > 1/Γ0 , and is coupled to a
cavity mode with decay rate κ = ω/Q < Δω, the total emission
g2 κ
rate is given by Γ = Γfreespace + Γcavity = Γ0 + Γ0 κΓ
0 Δω
[61]. The κ terms cancel in this bad emitter limit; increasing
the Q of the cavity will increase emission at the resonance frequency, but over a narrower range. For the emission into the
cavity mode to be greater than the emission into free space,
the condition g 2 /Γ0 Δω > 1 should be satisfied. An enhancement of the overall emission rate therefore requires that g be
increased, which can be achieved only by decreasing Veﬀ . In
this broadband emitter regime, small mode volume cavities offer the only means to achieve efficient single photon sources in
which the color of emission can be selected, and the emission
rate into that mode can be enhanced over emission into free
space. Plasmonic cavities therefore provide a unique way to
take a broadband quantum emitter and create a color-selectable
single photon source. Color-selective single photon sources can
have broad applications in quantum information and quantum
cryptography.
III. MANIPULATING SPP PROPAGATION
A. Plasmonic Waveguides and Gratings
A wide variety of plasmonic waveguides have been explored
in recent years. The simplest SPP waveguide is a metal surface. The electromagnetic excitation is confined to the surface,
decaying evanescently on a scale similar to the plasmon wavelength. In this case, however, confinement can only be achieved
at frequencies close to the material plasmon resonance, and the
degree of confinement is therefore determined by intrinsic material properties. Furthermore, shorter plasmon wavelengths are
accompanied by higher losses in the metal, limiting the utility
of this geometry.
It is possible to geometrically engineer confinement at lower
frequencies by limiting plasmon propagation to one dimension.
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In the quasi-static regime where the electric fields are essentially uniform across a structure at any given time, SPPs can be
spatially confined to the dimension of the waveguide. For a 1-D
structure such as a cylindrical wire, the radius provides the relevant scaling parameter, and propagating SPPs can be arbitrarily
confined to this scale [6], [7], [62]. Unlike schemes in which
the localized plasmon resonance is tuned by the nanoparticle
shape, this confinement can be broadband, and emission into
the plasmon modes can be guided to other parts of the photonic
circuit, such as low-loss dielectric waveguides.
As an example, we will examine the case of a subwavelength,
metallic, cylindrical wire surrounded by dielectric [7]. As in
the case of a flat surface, the momentum along the waveguide
is greater than the free-space momentum, kSPP|| > k0 . The
perpendicular component of 
momentum is given by momen2
. Therefore, kSPP⊥
tum conservation: kSPP⊥ = k02 − kSPP||
is purely imaginary, indicating that the field decays evanescently from the metal surface. The modes can be characterized
by their winding number m, an integer that parameterizes their
angular momentum around the wire. As the radius of the wire
shrinks (kSPP R << 1), higher order modes with m > 1 exhibit
cutoff [see Fig. 1(b)]. The m = 1 mode is similar to the fundamental mode of a dielectric waveguide and exists for arbitrarily
small radii, but becomes exponentially unconfined. The m = 0
fundamental mode has a unique scaling kSPP|| ∼ 1/R, indicating that the wavelength of SPPs in this mode becomes shorter
with decreasing nanowire radius. The propagation length in this
mode in units of the plasmon wavelength (λSPP = 2π/kSPP )
is given by the ratio of the real and imaginary parts of kSPP
(Re kSPP /Im kSPP ). This ratio decreases with decreasing R,
but does not go to zero. For example, for silver at λ0 = 1 μm,
the ratio approaches 140 [see inset of Fig. 1(b)]. Correspondingly, kSPP⊥ ∼ 1/R, and the mode is increasingly confined in
the transverse direction as the radius shrinks.
For a given waveguide radius, there are two competing effects on the confinement as the wavelength increases. As the
wavelength is tuned to the red of the plasmon resonance, the
confinement due to material dispersion decreases. However, as
the wavelength becomes large compared to the radius, the mode
area is still set by the size of the nanowire, so the mode volume
normalized to the free space wavelength decreases, and thus the
field confinement increases. In 1-D systems, it has been shown
that the net effect is an increase in confinement at longer wavelengths for gold and silver, leading to potentially greater Purcell
enhancement for an emitter placed next to the waveguide [62].
At longer wavelengths, the material losses also decrease, making 1-D plasmonic waveguides especially promising for infrared
emitter coupling.
This favorable scaling with shrinking device dimension is
general to 1-D systems (see Fig. 3), such as MIM waveguides
[40], grooves [11], arrays of metallic dots [39], [64], [65], and
hybrid gap plasmons [42], [66], [67]. Hybrid gap plasmons
formed by a metal surface and a high index nanowire separated
by a small gap are particularly promising, as the mode is pulled
away from the metal surface by the high index material, thereby
allowing tight field confinement with lower losses.

Fig. 3. Plasmonic waveguide and cavity geometries. (a) Propagation down a
metal stripe waveguide, characterized by NSOM (reproduced with permission
from [46]). (b) Scanning electron microscope (SEM) image of a groove waveguide interferometer (reproduced with permission from [41]). (c) SEM image
of chemically synthesized silver nanowires, which can be used as highly crystalline, defect-free 1-D SPP waveguides. (d) SEM image of a whispering gallery
mode plasmonic cavity (reproduced with permission from [63]). (e) SEM image
of an SPP cavity formed by dielectric gratings around a silver nanowire [61].
Overlay shows far-field transmission characterization. The left-hand spot is the
reflected laser spot, and the right-hand spot shows coupling into the far field at
the other end of the nanowire.

Surface plasmons can be manipulated, focused, and directed
by periodic patterning in the waveguide [10], [13], [41], [68],
[69]. A periodic potential of period Λ imparts a lattice momentum klattice = 2π/Λ on the propagating SPPs. Two special
cases are commonly employed in devices. For incident SPPs
with kSPP = 2π/Λ, the lattice will act as a mirror, forming the
basis for plasmonic-distributed Bragg reflectors. For SPPs with
kSPP = 2π/Λ, the forward momentum becomes k = 0, and the
excitation is scattered to the far field as photons that propagate
nearly perpendicularly to the SPP propagation direction. These
gratings can thus be used as directional outcouplers.
Most plasmonic grating designs involve direct patterning and
etching of the metal. However, lithographic errors can introduce
scattering centers that limit the performance of these structures.
Reported examples of plasmonic resonators therefore rely on
larger mode volume geometries to reduce scattering losses, as
is the case with recently reported plasmonic whispering gallery
mode microdisk cavities [see Fig. 3(d)] [63], [70]. Another strategy is to pattern the dielectric component of the metal–dielectric
interface [see Fig. 3(e)]. The effective index of the SPP is proportional to the refractive index of the dielectric; therefore, the
Bragg condition can be met by alternating layers of dielectric
in contact with the metal. This strategy has the advantage that
the metal surface can remain smooth and any lithographic imperfections will be present in a lower index dielectric material,
thus reducing scattering losses [61].
B. Chemically Synthesized Nanostructures
One strategy for minimizing propagation losses is to utilize
chemically synthesized metallic waveguides. Top-down lithographically defined structures can have two major sources of
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loss. First, lithographic imperfections can introduce scattering
centers. Second, metal films deposited by physical vapor deposition or electrochemical methods are polycrystalline, with grain
sizes ranging from few to tens of nanometers. When plasmons
encounter these grain boundaries, they can be lost by scattering
into free-space as photons or into the material as phonons.
Chemically synthesized structures can be highly crystalline
with smooth, defect-free surfaces. Many examples of quantum
emitter-SPP coupling have been realized with silver nanowires
[see Fig. 3(c)], which are synthesized using a solution-phase
polyol process [71]. These 1-D structures are generated by reducing silver nitrate with ethylene glycol in the presence of
poly(vinylpyrrolidone) (PVP). The ethylene glycol acts as the
solvent and the reducing agent, while the PVP is speculated
to coordinate to specific faces of silver to induce growth in
one direction. These silver nanowires are typically 50–200 nm
in diameter and 1–50 μm long. The wire diameter and length
can be tailored by changing the reaction conditions. Propagation lengths at optical frequencies have been reported up to
20 μm [43], [44], [48], which indicates lower losses than one
would expect from optical constants reported by Palik [72].
One major limitation of silver nanowires is that they degrade
over time. When exposed to ambient conditions, silver oxidizes, and the oxide can photoreduce to form nanoparticles [73].
These act as scattering centers, decreasing plasmon propagation
lengths. In addition, silver nanoparticles can fluoresce, problematic for quantum emitter coupling. Efforts to functionalize
or otherwise protect the silver surface will be important for
future applications.
As a plasmonic waveguide material, gold has higher losses,
but has the distinct advantage of being inert and stable. While
gold nanoparticle and nanorod syntheses are abundant in the
literature, a high-yield method for growing long, highly crystalline, gold nanowires with 50–200 nm diameters has yet to be
developed, despite much effort [74]–[79].
C. Plasmonic–Photonic Optical Circuits
The high absorption losses in plasmonic circuits limit their
utility for even short distance on-chip communication. The development of hybrid photonic–plasmonic structures is thus critical for realization of optical circuits. The coupling of emission
into a silver nanowire and then into an optical fiber has been
theoretically calculated to be as high as 95% for optimized
nanowire radius [6]. The coupling efficiency shows a peak with
respect to nanowire radius, reflecting the balance between emitter/plasmon coupling, SPP propagation losses, and the wave
vector mismatch. Experimentally, coupling efficiencies to optical fibers as high as 55% have been reported [80]. Similarly,
coupling efficiencies between silver nanowires and dielectric
nanowires as high as 56% have been observed [48]. Scalable
approaches, such as coupling to polymer waveguides [81], will
be important for future applications.
IV. NEAR-FIELD ELECTRICAL INTERFACES
One strategy for increasing the excitation and detection efficiency in plasmonic devices is to engineer electrical interfaces
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Fig. 4. Electrical interfaces for SPPs. (a) Cross-bar structure with a silver
nanowire plasmonic waveguide and a Ge semiconducting nanowire. SPPs convert to electron–hole pairs at the interface, which are then detected as current.
(Right) Scanning photocurrent image with SEM overlay showing photocurrent originating from direct excitation of electron–hole pairs, as well as indirect excitation via scattering into SPPs at the ends of the silver nanowire
(reproduced with permission from [43]). (b) Schematic of a gap plasmon waveguide/semiconductor device (reproduced with permission from [82]). (c) SEM
of a plasmonic waveguide beamsplitter coupled to two superconducting detectors (reproduced with permission from [85]). Such schemes are fast enough to
do direct photon statistics measurements electrically.

in the near field. SPPs can be converted to excitons in a semiconductor, and the resultant charges can be separated and collected
in an electrical circuit. Falk et al. demonstrated in 2009 that a
simple cross bar of a plasmonic waveguide and a semiconductor nanowire forms a Schottky junction, and the built-in electric
field at that junction can be used to separate charges at zero bias
[see Fig. 4(a)] [43]. The detection efficiency can be as high as
10% at zero bias, and at finite bias, while charge traps in the
nanowire provide an additional “gate field,” resulting in gain
of the electrical signal of up to 50 electrons/plasmon. This device geometry was sensitive enough to detect emission from a
single quantum dot coupled to the silver nanowire (see Fig. 5).
A similar implementation used an MIM waveguide on top of a
GaAs active region, in which the charges were separated at the
Schottky barrier formed by the gold-GaAs contact [see Fig. 4(b)]
[82]. More recent demonstrations have made use of tunneling
at the metal–semiconductor Schottky barrier to map LSPs in
optical antennas [83], [84].
Another scheme for electrical detection of plasmons is coupling the plasmonic waveguide to a superconducting detector
[see Fig. 4(c)] [85]. The superconducting NbN wire is biased
close to the critical current regime such that absorption of a
single photon or SPP causes a section of the wire to become
normal. The resulting resistance is detected electrically. This
technique has the distinct advantage of being fast, with detector
dead times of less than 10 ns. Indeed, when a superconducting
wire was used to detect photons in an integrated photonic circuit, the detection was fast enough to resolve the transit time
of single photons around a ring resonator [86]. By comparison,
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cally scattered to excite LSPs, which subsequently coupled to
SPPs [88]. Another study showed the coupling of electroluminescence of Si nanoparticles to gap plasmon modes in an MIM
waveguide [89]. All of these examples suffer from the use of
a highly inefficient photon source. The next step in near-field
excitation will be the efficient coupling of excitons into SPPs
from a LED or quantum well structure [90], [91].
V. ACTIVE DEVICES
A. Plasmonic Waveguides With Modulation and Gain

Fig. 5. Electrical detection of a single quantum dot [43]. (a) Scanning photocurrent image showing electrical detection of SPPs from the ends of the
silver nanowire plasmon waveguide (blue circles) and a quantum dot (pink circle). Other quantum dots that are not coupled to the waveguide identified by
fluorescence mapping do not appear in the photocurrent map (green circle).
(b) Photon correlation statistics (top) show that this quantum dot is a single
photon source, and the fluorescence spectrum (bottom) looks characteristic of a
single CdSe quantum dot of this size. (c) Electrical detection current as a function of excitation wavelength, exciting from the end of the waveguide (blue)
and at the quantum dot (pink). The signal increases as a function of wavelength
for the waveguide-coupled spot, and shows a characteristic exciton peak for the
quantum dot-coupled spot.

the semiconductor nanowire detector in [43] was limited to
∼30 kHz operation. Superconducting detectors are fast enough
to perform autocorrelation measurements, and this feature was
used to unambiguously prove detection of single SPPs.
Reciprocally, inelastic scattering of charges traversing the
Schottky junction can be used to generate surface plasmons [87].
In a semiconductor nanowire-silver nanowire cross bar, a voltage can be applied across the junction, resulting in electroluminescence. Similar to the emission rate enhancement of a dipole
next to a nanoscale plasmonic waveguide, the decay of electron–
hole pairs in the semiconductor can be enhanced and efficiently
coupled into SPP modes of the silver nanowire. The resultant
SPPs can then be collected electrically by another semiconductor nanowire-silver nanowire junction.
In a similar demonstration of electrical excitation of SPPs, a
tunneling current from an atomic force microscope (AFM) tip
was used to inject electrons into a gold nanowire that inelasti-

One way to compensate for losses in a metallic waveguide is
to surround the waveguide with an active gain medium. There
have been a number of examples of active plasmonic devices in
which plasmon propagation is modulated by optical or electrical switching of another medium, such as exploiting the structural phase transition of gallium [92], using the thermo-optic
effect [93], optical excitation of photochromic molecules [94],
electrically pumping an Si layer in a transistor geometry [95],
and optically pumping thin films of colloidal quantum dots [96].
More recently, net gain in a plasmonic waveguide was achieved
by optically pumping a fluorescent dye [97]. All of these device geometries, however, suffer from relatively long switching
times in the tens of nanoseconds to microsecond range. One
recent demonstration showed that femtosecond switching times
could be achieved by optically switching the free carrier density
in aluminum, leading to a few percent modulation in the SPP
signal, opening the door to plasmonic circuits with terahertz
bandwidths [98].
B. Plasmonic Lasers
The large enhancement factors in plasmonic systems open
the tantalizing prospect of lasing into surface plasmon modes,
confined to deep subwavelength scales. Plasmonic lasers (often
called SPASERs for “surface plasmon amplification by stimulated emission of radiation”) were proposed in 2003 by Bergman
and Stockman [99], and were first realized in LSP modes of
a gold nanoparticle coated in dye-doped silica [100]. A subsequent demonstration using gap mode SPPs between a CdS
nanowire and a silver film showed a high β factor (the percentage of emission into a single mode) into the lasing mode [66].
A more recent experiment from the same group achieved room
temperature operation by use of a gap mode between a CdS
square and a silver film [101].
These preliminary steps have demonstrated that the losses in
plasmonic modes can indeed be overcome, and that plasmonic
lasers can potentially be the smallest lasers; however, they have
yet to demonstrate any key functional advantages over conventional lasers. One possible advantage is that the high Purcell
enhancement and thus high β factor into plasmonic modes can
enhance the lasing efficiency, and could lead to low threshold
or thresholdless lasers [102]. Furthermore, the emission enhancement is intrinsically broadband in nature, leading to lasers
that can operate at much lower quality factors. The next steps
in plasmonic lasers will be to find new geometries and new
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materials to exploit these advantages, as well as new schemes
for electrically pumped plasmon lasers.
VI. QUANTUM INFORMATION PROCESSING
A. Cavity Quantum Electrodynamics (QED) With
Plasmonic Cavities
In the strong coupling regime of cavity QED, the coupling
strength between the cavity and the emitter exceeds dissipation
into the environment. For some applications, such as efficient
generation of single SPPs, it is sufficient that g 2 > κΓ0 . As
defined previously, g is the vacuum Rabi frequency, κ is the
cavity loss rate, and Γ0 is the bare emission rate into free space.
When g > κ, Γ0 , other interesting physics can also be explored.
In this regime, an excitation can be reversibly transferred between the cavity and the emitter, resulting in Rabi oscillations.
Although there have been several demonstrations of the former
condition [45], [49], [61], which corresponds to a Purcell factor
∼1, achieving low enough losses (small κ) is a very challenging task due to the high intrinsic losses in plasmonic systems.
For a typical emitter, Γ0 ∼ 10 MHz. The lowest achievable κ is
set by the plasmon propagation length, which is typically 100–
200 λSPP , corresponding to a κ ∼ 10 THz. For mode volumes
of 0.01(λ/n)3 , g ∼ 100 GHz. In order to achieve g > κ, the
coupling strength therefore needs to be at least 100 times higher
than in previous demonstrations. Considering typical losses in
the optical range, a plasmonic cavity with a mode volume of
10−4 (λ/n)3 is required for this purpose.
Devices of this size have not yet been demonstrated, but
are within reach of existing schemes. For the plasmonic cavity
in [61], the Purcell factor scales as 1/R3 , and strong coupling
can thus be obtained with silver nanowires of diameter ∼20 nm.
Excitation and detection in the far field would be very difficult at these scales, so near-field interfaces to either photonic
waveguides or electrical interfaces would be crucial.
Another possibility is to utilize plasmonic modes that are
pulled away from the metallic substrate while still maintaining confinement, as in gap plasmon structures [42], [66]. These
modes can have lower losses for the same confinement. In addition, in 1-D waveguide geometries, one can achieve lower
losses and higher confinement in the infrared. Investigations in
this spectral range are limited due to the lack of availability
of good emitters. At near IR wavelengths, however, there exist
a number of promising candidates such as lead salt quantum
dots [103] and InGaAs epitaxial quantum dots [104].
B. Photon–Photon Interactions
A photonic transistor is a device in which an optical “gate”
field controls the propagation of another optical field via a nonlinear interaction, analogous to an electronic transistor. Such a
device has been extremely difficult to realize because singlephoton nonlinearities are typically very weak. There are many
schemes currently being explored for controlling and enhancing
nonlinearities at the single-photon level, such as nonlinearities
in atomic ensembles [105]–[107] and coupling single atoms to
high finesse cavities [108]–[110]. One possible strategy to ac-
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complish this goal in the solid state is to use the strong coupling
between single photon emitters and SPPs [111].
We will consider the proposed scheme in [111] in detail.
A two-level emitter coupled to a SPP waveguide can act as
a saturable mirror. For large Purcell factors F , the reflection
r ∼ −(1 − 1/F ) approaches unity, and emission rate to the
far field is suppressed, Γ = 1 − R − T = 2R/F . This picture
holds for low powers, but as the transition becomes saturated,
transmission again approaches unity. This phenomenon should
be evident in the photon statistics of the transmitted and reflected photons: the second-order correlation function g (2) (t) of
reflected photons should be antibunched at t = 0, while that of
the transmitted photons should be bunched at t = 0. At higher
powers, g (2) (t) for the transmitted photons approaches unity
at all times. This phenomenon is known as “photon blockade,”
and is distinct from previous demonstrations with a single atom
coupled to a high finesse cavity [108], in which the transmission characteristics of the cavity are determined entirely by the
anharmonic spectrum of the dressed atom, and there can only
be transmission at multiphoton resonances of the atom-cavity
system.
A similar scheme can be used to realize the single photon
transistor. In this case, a three-level emitter is coupled to an
SPP waveguide: one transition (|e > −|g >) is strongly coupled
to the SPPs, while the other (|e > −|s >) is decoupled [see
Fig. 6(a)]. If the emitter is in |g >, the system has the properties
of the saturable mirror. If the emitter is in |s >, photons will be
transmitted, as the (|e > −|s >) transition is decoupled from the
surface plasmons. Thus, a control field driving the (|e > −|s >)
transition can be used to control whether the emitter reflects or
transmits photons with unity probability. The effective “gain”
of the transistor is given by the number of photons that can
be reflected or transmitted before an undesirable state change
occurs, which is approximately given by F .
As with other applications, it is critical to develop integrated
photonic or electronic interfaces to enable the single photon
transistor. The inevitable tradeoff between high Purcell factors
and losses at greater confinement factors can be ameliorated by
the integration of low-loss waveguides.
C. Nanoscale Atom Traps
There is currently much interest in trapping and manipulating atoms close to surfaces for quantum information processing [112]. Such hybrid systems could combine the long coherence times and narrow transitions of atoms with the scalability
and high collection efficiencies of integrated photonics. The
primary challenge in realizing such systems is the integration
between atoms and other structures, since atoms or ions must
be confined far enough away from the surface to retain their
favorable properties, but must be close enough for their emission to couple efficiently. This is particularly difficult because
strong van der Waals forces pull the atom or ion into the surface,
and trapped charges can lead to patch potentials that dephase
ions [113]. One potential route to hybrid systems is to use the
plasmonic waveguide itself for trapping [see Fig. 6(b)]: the large
electric field gradients at a nanoscale tip can be used to trap sin-
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Fig. 6 (a) Scheme for a single photon transistor with SPPs (reproduced with permission from [111]). A single SPP is either transmitted or reflected depending on
the state of a quantum emitter coupled to the SPP waveguide. (b) Schematic of an integrated nanotrap for atoms using the tip of a plasmonic nanowire (reproduced
with permission from [60]). A plasmonic nanowire is adiabatically coupled to a tapered fiber, which can allow for highly efficient collection of SPPs into photons.
This atom can be scanned near other structures, such as the microdisk cavity depicted. (Right) Electric field intensity profile near the tip of a nanowire. An intensity
minimum (indicated by the blue arrow) results from destructive interference between the incident and reflected plane wave, and can act as a nanoscale atom trap.

gle atoms, and the high Purcell enhancement into SPP modes
can be used to manipulate the atom and efficiently collect single
photons [60]. A recent preliminary study showed interaction
between a Bose–Einstein condensate and surfaces potentials in
the near field of a plasmonic waveguide [114], but plasmonic
trapping of atoms has yet to be demonstrated experimentally.
When a sharp, metallic nanotip is excited by an incident
plane wave, the negative dielectric constant of the metal leads to
destructive interference between the excitation and the reflection
[60]. This destructive interference can thus create a potential
minimum close to the tip, which acts as a trap when bluedetuned from an atomic transition. This trap can have deep
subwavelength dimensions and large trap frequencies.
An atom trapped at the tip of a nanowire can be strongly
coupled to SPPs that propagate along the wire. The atom can
thus be optically manipulated and read out via surface plasmons
with high efficiency. The effective Purcell enhancement F into
SPP modes depends largely on the tip size, and F > 1 can
be achieved for ∼ 1-nm tip curvatures. For efficient collection,
the metallic nanowire can be coupled to a tapered optical fiber,
where single SPPs can be efficiently converted to single photons.

VII. CONCLUSION
Plasmonic devices are a promising platform for quantum information processing, and provide a natural platform for high
bandwidth nanoscale quantum circuits. They can be used to
achieve extraordinarily strong light–matter interactions, and,
crucially, they exhibit favorable scaling as their dimensions
shrink deep below the diffraction limit. There are several applications for which the small mode volumes achievable only
with plasmonic systems are critical, such as color-selective single photon emission, thresholdless lasing, and nanoscale photonic circuits. However, the field is still in its infancy, and much
work needs to be done toward engineering and optimizing new
plasmonic mode geometries, as well as near-field electrical and
optical interfaces, and integrating these systems in order to realize the full potential of these applications.
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