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 We briefly review applications of surface-plasmon polariton modes, related to the design and fabrication of electro–optical

circuits.
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1. Plasmons

A plasmon is defined as a quantum of collective electron oscillation in a solid. It is also referred as a bulk plasmon (Figure

1a). It may reveal itself in metals, doped semiconductors and other materials, where the concentration of charge carriers

is sufficient. Charge oscillations near metallic surfaces can be coupled with light, forming surface plasmon polaritons

(SPP) [ , , ] as illustrated in Figure 1b. The localized surface plasmons (LSP) are typical for metallic nanoparticles and

rods, where they may also be called transverse plasmons (see Figure 1c). The plasmon observations can be done with

electron energy loss spectroscopy (EELS) under excitation by electrons [ ], in the extinction optical spectra of small

particles and films [ , ], or cathode-luminescence (see [ ] and references there). At present time the phenomena of

light-matter coupling at the interface between metals and dielectrics is well understood [ ]. Traditional applications of

LSPs include surface-enhanced Raman spectroscopy (SERS) [ , ], sensing [ , ], scanning near-field optical

microscopy (SNOM) and tip-enhanced Raman scattering (TERS) (see [ ] and references therein). The SPP modes

attract an interest from the point of view of communication due to their subwavelength confinement. This property of SPPs

can be extremely useful for applications and allows to bring electronics and photonics closer to each other [ , , , ,

, , ].

Figure 1. Various types of plasmonic excitations: (a) Bulk plasmon in a metallic sample, electronic gas oscillates as a

whole with a plasmonic frequency ωp. (b) Propagating surface plasmon polariton excited by the external electromagnetic

wave. (c) Localized surface plasmon excited by the external field in a small metallic nanoparticle. Displacement of the

electron gas is shown with light grey.

2. Plasmons at the interface of electronics and photonics

Further achievements in electronics and photonics imply their better integration. Usage of photons at the level of circuits

and single chips has a huge potential to improve modern intelligent systems [ ]. Along with the usage of light for

communication at small and intermediate scales, photonic circuits may also perform logical and computational operations.

This implies that the distribution of functions between photons and electrons may be more advanced and potentially more

productive than just communication and computation in the future generation of electro–optical chips. Regarding the

future of electronics, it is important to note that the development of modern nanofabrication techniques and mesoscopic

physics unavoidably leads to molecular electronics, where basic elements of circuits are represented by single molecules

[ ]. The idea to use both electrons and photons in future “molecular chips”, operated by a microscopically small amount

of particles, requires the detailed understanding of their quantum properties and interactions.
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The diffraction limit, unbeatable in classical photonics, keeps the size of light processing components at least an order of

magnitude larger than the size of the electrical counterpart, i.e., transistors. The typical size of a transistor in modern

processors is of the order of 10 nm, while the telecom wavelength of light is close to 1.5 µm. In classical photonics, the

electro–optical effect enables a modulation of optical signals due to changes in the optical parameters of materials under

applied electric field. This effect is typically not as strong to use it on a chip. The mismatch in dimensions and weak light-

matter interaction motivates a search for novel materials and subwavelength optics usage [ ].

 Traditional plasmonic materials are gold and silver due to the fact that their relaxation constants are less than for other

metals (approximately 21 meV for silver and 66 meV for gold [ ]). The SPP modes are supported at the interface

between dielectrics and noble metals due to the large negative real part of the permittivity of the latter [ ]. Metals

introduce optical losses, caused by the imaginary part of the permittivity. The resulting damping of surface plasmons limits

their practical application. Extra problems are related to interband transitions which result in additional losses. These

factors stimulate the search for alternative plasmonic materials with improved properties and the extension to the near-

infrared (NIR) including the telecom spectral range [ , ]. Spectral coverage of plasmonic materials were extended also

into the deep ultraviolet (UV), where unique plasmon properties have been discovered for ferromagnetic materials as a

result of spin-polarization [ ]. Alternative plasmonic materials with desired properties applicable in nanophotonics include

semiconductors, transparent conductive oxides (TCO) and 2D materials.

The excitation of a SPP requires to reach a certain density of charge carriers. Appropriately doped semiconductors, like Si

and GaAs may support plasmonic modes. Silicon plasmonics is discussed in the literature as a platform for on-chip

photonics with the SPP propagation length of the order of ten micrometers [ , ]. The advantage of Si is that it is the

most common material in electronics with well-developed manufacturing and processing technologies. However, it

requires a relatively high level of doping ( 10  cm ) to reveal plasmonic properties at telecommunication wavelengths

[ ].

Another class of materials, commonly referred as transparent conductive oxides, is proven to be useful in plasmonics.

Traditional representatives of this class are aluminum-doped zinc oxide (AZO), gallium-doped zinc oxide (GZO) and tin-

doped indium oxide (ITO). TCOs show good plasmonic properties in the IR [ ]. These materials allow high doping, which

makes them conductive [ , ]. At the same time, a large band gap makes them transparent in the visible range.

Materials such as ITO are suitable to produce thin films and are compatible with silicon-based components. The excitation

of SPPs in ITO has been demonstrated experimentally in the NIR range [ , ]. A relatively low external voltage (below

10 V) applied to ITO can induce a refractive index change of about one (∆n ∼ 1) at telecom wavelengths, which is a

desired property in switches and modulators [ ].

According to the Drude model, at optical frequencies ω, permittivity reads

where (ω )  = n e  /(ε m) is a plasma frequency, γ—relaxation coefficient, ε  —asymptotic permittivity at high frequencies,

e—electron charge, m—effective electron mass, ε  —free space permittivity and n denotes the concentration of charge

carriers. The real part of the permittivity may cross zero at certain wavelengths and charge densities. The imaginary part,

at the same time, remains finite, which excludes singularities in Maxwell equations. Nevertheless, this epsilon-near-zero

(ENZ) point is quite special, since properties of materials vary significantly there [ ]. As it was shown experimentally, the

Drude model describes ITO quite accurately [ ] and the ENZ point is in the IR spectral range. Since the permittivity of

ITO depends significantly on the free charge density which enters the plasma frequency, one can locally shift the ENZ

wavelength using an external electric field or applying a voltage. The realization of this mechanism in electro–optical

devices requires the incorporation of ITO/dielectric capacitors, suitable for charge accumulation. Another approach is to

mix TCOs with noble metals to obtain hybrid plasmonic structures with desired properties. For instance, Ag-ITO co-

sputtered composite films [ ] and thin Au spacer layers incorporated inside ITO films [ ] allow to control the ENZ-point

wavelength and thus provide better tunability of the system. The development and structuring of metallic/dielectric

composites leads to the idea of plasmonic metamaterials supporting the ENZ effect with many intriguing properties, like,

for example, optical nonlocality [ ].
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Surface plasmons can be excited in 2D materials as well. One of the most studied examples is graphene. Optical

properties of such structures are obviously qualitatively different from 3D bulk materials or films. The dispersion relation of

massless Dirac electrons and its influence on the overall material properties are well known. Plasmonic behavior of

graphene can be engineered using geometrical variations, doping and stacking [ , ]. Thus, one of the characteristic

features of 2D structures is high tunability. Gating works particularly well there [ ]. It is experimentally demonstrated that

in graphene/SiO2/Si structures it is possible to alter both the amplitude and wavelength of plasmons by applying a gate

voltage [ ]. Typical propagation length of the order of micrometers (several plasmon wavelengths) is reported in these

experiments. Fast and efficient gating leads to various applications including graphene-based optical transistors and

modulators [ ]. Fundamental limits of graphene plasmonics due to losses were probed recently in cryogenic

experiments, revealing the physics of plasmonic dissipation [ ]. At the temperature of liquid nitrogen, when certain

mechanisms of dissipation can be excluded, the plasmon propagation length grows and can exceed 10 µm

(approximately 50 wavelengths).

The publication can be found here: https://www.mdpi.com/2076-3417/9/22/4834/htm
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