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Figure 1.15 Schematic of the integrated dual-functions of an Ag-based plasmonic
structure: Plasmonic heating and spectroscopic amplification. (a) The schematic of
structure, the dark side (facing up toward the light) for the solar water purification and the
shiny side (facing down toward the laser illumination) for the pollution detection. (b)
Mechanism for the dark side of the structure enabled solar water purification. (c)
Mechanisms for the shiny side of the structure enabled organic pollution detection. Source:
Chen et al. [55]/Reproduced with permission from ©2018, ELSEVIER.

obtained plasmonic wood absorbers with excellent performance of solar steam
generation [58].

1.7.2.2 For Photoelectric Device
Another important application of hot electron effect of LSP is enhancement
or tunability in photoelectric device. Metal nanostructures generate “hot elec-
trons” from light by creating surface plasmons [59]. There are several proposed
metal-to-semiconductor charge-separation pathways. Based on the conventional
plasmon-induced hot-electron transfer (PHET) mechanism (Figure 1.16a), the
reported efficiencies of devices based on this PHET concept are often low (1–2%)
because the plasmon decays into a hot electron-hole pair within the metal via
Landau damping on time scales of a few to tens of femtoseconds. Hot-electron
transfer competes with electron relaxation through rapid electron-electron scatter-
ing on time scales of hundreds of femtoseconds [60, 61]. Metal-to-semiconductor
hot-electron transfer efficiencies can be enhanced if the competition with ultrafast
electron-electron scattering in the metal can be avoided. One approach is to create
a direct metal-to-semiconductor interfacial charge-transfer transition (DICTT) that
can be directly excited to promote an electron from the metal into the semiconductor
CB. However, these interfacial transitions are often too weak as compared with
bulk metal transitions [60]. A desirable photoinduced hot-electron transfer pathway
would combine the strong light-absorbing power of plasmonic transitions with the
superior charge-separation.

In 2015, Wu et al. first proposed and experimentally demonstrated a plasmon-
induced metal-to-semiconductor interfacial charge-transfer transition (PICTT)
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Figure 1.16 Metal-to-semiconductor charge-separation pathways. (a) Conventional PHET
mechanism, in which a photoexcited plasmon in the metal decays into a hot electron-hole
pair (solid and open red circles in the dotted ellipsoids) through Landau damping, followed
by injection of the hot electron into the CB of the semiconductor. (b) The PICTT pathway, in
which the plasmon decays by directly generating an electron in the conduction band of the
semiconductor and a hole in the metal. VB is the semiconductor valence band and hv
indicates the excitation photons. Source: Zhu et al. [26]/with permission of AIP Publishing
LLC.

pathway in CdSe-Au NR heterostructure, as presented in Figure 1.16b [62]. In this
PICCT pathway, strong Au–CdSe interactions led to strong plasmon damping in the
Au tip. When the plasmon was excited along the nanorods axis, transient absorption
anisotropy showed more efficient (>24%) charge transferred from Au to CdSe, and
the charge-separation efficiencies were independent of excitation photon energy.
The damped plasmon decays via direct excitation of an interfacial electron-hole pair
(with an electron in CdSe and a hole in Au). The electronic structure of CdSe–Au
NRs can be viewed as a combination of the strongly interacting tip region, which
resembles the CdSe-Au dimers with strongly damped plasmon and exciton bands.
The center part is similar to the unperturbed CdSe nanorods. Direct evidence
to support this proposed mechanism was obtained through ultrafast transient
absorption study. A pump laser with a photon energy below the CdSe band gap
was used to excite the Au tip, and the electron transferred to the CdSe domain was
probed through the bleaching of the exciton.

1.7.2.3 For Plasmonic Nanolaser
The plasmonic nanolaser (also called SPASER abbreviated for “surface plasmon
amplification by stimulated emission of radiation”) is an active nanosystem
including a gain medium and a plasmonic metal nanoparticle core. It theoreti-
cally predicted in 2003 by Bergman and Stockman from Georgia State University
[63]. Then kinds of surface plasmon nanolasers with new structures have been
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constructed. Nanolasers applied the idea of SPP effect that can break through the
diffraction limit. Researches of nanolaser were focused on minimizing metal loss
and realization of electric pump at room temperature and low threshold.

Nanolasers based on surface plasmon are not pumping and feedback of optical
resonators in optical systems. Under the irradiation of electromagnetic wave, the
stimulated oscillation of free electrons can produce strong LSPR on the nanometer
scale. The oscillation in the resonant cavity was amplified by the gain medium and
laser emission can be achieved [64].

In 2008, Oulton et al. proposed a novel scheme and designed a waveguide structure
composed of semiconductor-insulator-metal (SIM) for F-P mode laser operation
[65]. The gain medium of the laser is semiconductor nanowires. And the photons
generated by nanowires are coupled with free electrons on the metal surface to form
surface plasmon. The plasmon propagates along the direction of the nanowire and
oscillates in the Fabry-Perot cavity formed by reflection at both ends of the nanowire.
In 2009, Zhang et al. verified the design feasibility in experiments and prepared
nanowire surface plasmon nanolaser [66]. Then different nanolasers of plate or
multilayer structures were prepared, such as metal–semiconductor–metal (MSM),
MIM, metal–oxide–semiconductor (MOS), as summarized by Ma et al. [67]. In their
review paper, the plasmonic confinement effect on the plasmon laser through the
enhancement of spontaneous emission in sub-wavelength-scale plasmonic cavities,
ultrafast behavior of plasmon laser, as well as future prospects and challenges
were discussed.

In 2014, Lu et al. reported broadband tunable, single-mode plasmonic nanolasers,
based on a single MOS nanostructure platform comprising of InGaN/GaN semicon-
ductor nanorods supported on an Al2O3-capped epitaxial Ag film [68]. They suc-
cessfully reduced the continuous-wave lasing thresholds to ultrasmall values for all
three primary RGB colors and possibility of “thresholdless” lasing operated at 7 K
for the blue plasmonic nanolaser. Although the lasing line width is not in the lasing
region as predicted by the classical Schawlow-Townes theory, temperature evolu-
tion of the spectral for the device with plasmonic cavity indicated the line width
is in the lasing regime. Photon bunching is characteristic of the spontaneous emis-
sion of the gain medium. And the line width alone is not be a conclusive indication
of lasing.

This new type lasers can not only greatly reduce the energy loss in metal, but
also realize long-distance surface plasmon wave transmission. At the same time,
the threshold of laser is reduced, which makes it possible for the nano laser work at
room temperature. Once the nanolaser with low threshold and high integration is
successfully developed, the size of photonics devices will be greatly reduced. Thus,
the mismatch between photonic devices and electronic devices will be improved,
and the product size in the optoelectronic industry will be reduced. Nanolaser
with high performance will be great useful in biosensors, precision measurement
and so on. Among the potentials of nanolaser, the “killer” application will be
ultrafast, high-density on-chip communications for future information processing.
Some of our recent work about plasmon enhanced photoelectric devices, including
plasmonic nanolaser with single mode, can be seen in Chapter 9.
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1.8 Summary of this Chapter

In this chapter, we present the theoretical backgrounds and research advances of
plasmonics, including plasmon originated from the collective oscillation of free
electron based on Drude mode, SPPs at metal-vacuum interface, propagation char-
acteristic of SPP. Then advances in the electric and optical excitation and detection
of SPP, as well as the LSP of nanostructures were delivered. Rapid development in
synthesis and fabrication techniques resulted in the availability of systematically
designed plasmonic materials and devices, which not only widened the scope of
applications of plasmon and hot carriers but also advanced experimental discoveries.

In recent years, surface plasmon effects, such as energy transfer, hot electron
transfer, and field enhancement effect, can be used to enhance photocatalysis and
realize plasmon capture light energy. Although there are many hot topics in the
plasmon related fields, the internal physical mechanism remains to be revealed.
More researches were limited on the plasmonic metals of Au, Ag, Cu, and Al, as well
as some two dimensional materials, working on certain bands with own advantages
and limitations. It is found that heavily doped semiconductors can also generate hot
carriers by themselves with more high energy transfer efficiency due to less energy
loss via the indirect transfer pathway across the interface or via the direct transfer
pathway with easier orbital hybridization. Plasmonic semiconductor nanostructures
are promising candidates that can manifest SPR under visible-light or infrared-light
excitation. Moreover, they have been used for SERS, photocatalysis, and water
splitting.

However, fully understanding the enhancement effect of plasmon and its internal
physical process can effectively promote the application, especially for the coupling
structures with controllable energy exchange and transfer path. Among these
issues, some related works should be developed simultaneously, such as theoretical
models and calculation methods, design and preparation, characterization and
testing, ultrafast time resolution and high resolution space detection technology.
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