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Among these studies, the plasmon-induced 
effects on light, energy and carrier at the 
metal/semiconductor contact interface 
play the decisive role in the performance 
of the hybrid nanostructures. Here, we 
aim to timely summarize recent system-
atical progresses on the investigations of 
the working mechanisms and influencing 
factors of plasmon-induced electromag-
netic field enhancement, plasmonic hot 
electron generation/injection, and energy 
transfer effects at the metal/semiconductor 
interface, as well as the strategies devel-
oped for controlling and utilizing these 

interfacial effects for specific applications of the metal/semicon-
ductor nanocomposites. For other various aspects of plasmonic 
energy conversion, such as plasmon-induced hot electron gen-
eration at nanoparticle/metal-oxide interfaces[2g] and the effects 
of plasmonic dephasing/geometry on solar energy harvesting,[2h] 
interested readers are recommended to learn previous excellent 
reviews (Ref. [2] and references therein).

2. Plasmon-Induced Interfacial Electromagnetic 
Field Enhancement

Due to the plasmonic resonance properties of metal nanostruc-
tures, a powerful ability of metallic nanostructures is to concen-
trate light into deep-subwavelength volumes. In this section, we 
focus an overview on plasmon-induced light manipulation at the 
metal/semiconductor interface, a crucial factor for plasmonic 
enhancement applications of metal/semiconductor heterostruc-
tures, which was unfortunately neglected in a few previous excel-
lent reviews[1a,b] where only light concentration and manipulation 
by intrinsic nanometallic structures have been summarized.

2.1. Coupling Between Plasmonic Metals and Dielectric 
Semiconductors

In metal/semiconductor heterostructures, the intrinsic 
plasmon-induced light scattering effect of plasmonic metals 
can scatter light into the underlying semiconductor layer, espe-
cially for metallic nanoparticles with large sizes (>50 nm).[3] In 
addition to this fact, the screening effect of dielectric semicon-
ductors could affect the intrinsic plasmon resonance of plas-
monic nanostructures, which could be used for enhancing light 
concentration at the metal/semiconductor interface. In detail, 

Plasmonic manipulation of light in metal/semiconductor heterostructures 
is a powerful tool that exploits extraordinary optical properties of metallic 
nanostructures to concentrate and control light at the nanometer scale. Here, 
recent progresses in the mechanism and strategies developed for the control 
of plasmon-induced optical field distribution, hot electron injection and energy 
transfer at the metal/semiconductor heterostructure interface are discussed. 
This is of crucial importance to the selection of matched materials, the design of 
optimized device architectures and the future development of efficient fabrication 
technologies for plasmon-enhanced photocatalytic and photovoltaic applications.

1. Introduction

Plasmonic nanostructures have significant abilities to concentrate 
light energy at the nanoscale, which comes from their nature as 
a collective oscillation of surface electrons of the metal with inci-
dent light at matched frequencies.[1] When metals are hybridized 
with semiconductors, such nanoscale light manipulation ability 
of plasmonics could be utilized to improve the efficiency of pho-
toexcitation in the semiconductors. By taking advantage of this 
property, diverse plasmonic metal/semiconductor heterostruc-
tures have been fabricated and widely used in different fields, 
such as photovoltaics, photocatalysis, photodetector, and so on.[2] 
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the screening caused by the dielectric surface of the semicon-
ductor can be equivalent to a potential generated by an image 
of the charged plasmonic nanostructure with a factor of (ε – 1)/
(ε + 1), where ε is the permittivity of the semiconductor. The 
interaction between a plasmonic nanostructure and its image 
in an adjacent semiconductor introduces plasmonic coupling at 
the interface. For instance, for an individual plasmonic nano-
particle on a dielectric substrate (Figure 1a,b), the plasmonic 
nanoparticle with parallel p-polarization to the substrate could 
be coupled with its charged image and lead to the enhanced 
energy localization at the interface. Such nanoparticle-sub-
strate interactions could be further strengthened for the case 
of perpendicular s-polarization, which facilitates the localiza-
tion of charges near the substrate surface. Another feature of 
the screening effect is its permittivity dependence. In general, 
the substrate with larger permittivity leads to a stronger particle 
“image” interaction and thus enhance the plasmonic coupling 
at the interface.[4] For a given metal/semiconductor heterostruc-
ture, such interfacial coupling between metallic nanostructures 
and semiconductors could be enhanced by cladding the metal 
with an extra dielectric layer of high permittivity (high-k). For 
instance, in the hybrid system comprising Au nanoparticle and 
TiO2 nanotubes, when Au nanoparticles were covered by a layer 
of high-k Al2O3 with a thickness of 2.6 nm, the concentrated 
light energy could be further enhanced at the Au/TiO2 interface 
and penetrate more deeply into the TiO2 layer.[5]

For plasmonic nanostructures with high-order symmetry, 
the adjacent dielectric semiconductor layer could lead to sym-
metry breaking through substrate-induced resonant coupling 
with the original plasmon modes. For example, for a plasmonic 
nanocube as showed in Figure  1c, it has a bright mode with 
finite dipole moments, which can be coupled with incident 
light, and a dark quadrupolar mode with zero dipole moments, 
which could not be efficiently coupled with light. When the 
plasmonic nanocube is placed close to the dielectric semicon-
ductor, substrate-induced coupling and interference between 
the bright dipolar cube mode and the dark quadrupolar cube 
mode can give rise to the Fano resonances in the heterostruc-
tures, which form hybridized bonding (D) and antibonding (Q) 
plasmon resonance modes at the interface (Figure 1d).[6] With 
electron energy-loss spectroscopy (EELS) and scanning trans-
mission electron microscope (STEM) measurements, Li et al.[7] 
have spatially and spectrally studied the interaction between 
individual Ag nanocubes and dielectric substrates. Their results 
illustrated that the substrate-induced Fano resonances of the 
plasmonic nanocube can effectively concentrate light energy to 
the metal/semiconductor interface. Furthermore, the concen-
trated energy can be further transferred to the semiconductor 
layer by plasmon-induced resonant energy transfer (PIRET) or 
direct electron transfer (DET) processes, which can be used for 
photovoltaic and photocatalytic applications.

In addition to the dielectric screening-induced plasmonic 
enhancement at the metal/semiconductor interface, when a 
thin transparent oxide layer with low dielectric constant is sand-
wiched between metals and semiconductors, the sandwiched 
oxide layer could form a low-lost plasmonic nanocavity at the 
metal/semiconductor interface. Such a plasmonic nanocavity 
could effectively concentrate light energy to the interface for 
further exciting the adjacent semiconductor layer. For instance, 
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with a 5-nm silicon dioxide (SiO2) layer sandwiched between an 
atomically smooth epitaxial Ag film and a single semiconductor 
nanorod, which consists of an indium gallium nitride (InGaN) 
core as gain medium and a gallium nitride (GaN) shell, a plas-
monic nanocavity could be formed at the interface between 
the Ag film and the semiconductor nanorod (Figure  1e). This 
plasmonic nanocavity dramatically shrunk the surface plasmon 
polariton (SPP) excitation of the Ag film into the confined space 
around the nanorod, thus realizing the plasmon amplification 
of laser emission from the GaN gain medium.[8] In another 
example, when a high refractive index GaAs nanowire with a 
thin low refractive index oxide layer was almost totally covered 
by a “Ω”-shaped resonant Au layer, a plasmonic nanocavity at 
the oxide layer was formed around the whole GaAs nanowire 
(Figure  1f). The plasmonic excitation of the “Ω”-shaped Au 
film with spectrally and spatially tunable resonant modes could 
effectively concentrate light to the confined cavity around the 
nanowire, which increased the quantum efficiency of the GaAs 
nanowire with an order of magnitude.[9]

2.2. Coupling Between Plasmonic Hot Spots and Dielectric 
Semiconductors

At deep subwavelength region, the plasmonic hybridization 
induced by near-field interaction between adjacent plasmonic 
nanostructures could significantly enhance the density of the 
local electromagnetic field at plasmonic hot spots. Such plas-
monic hot spots can be further coupled with the adjacent die-
lectric semiconductor by the screening effect and effectively 
concentrate light to the metal/semiconductor interface.[1b,10] 
For instance, when metallic nanoparticles spreading on the 
TiO2 substrate, both theoretical and experimental studies have 
illustrated that the dielectric screening effect of TiO2 substrates 
could shift the hot spots of interparticle coupling from the 
center of the nanoparticle gap to the TiO2 surface, thus leading 
to the enhanced electromagnetic field at the interface.[11] Such 
electromagnetic field concentration at interfacial hot spots can 
be further enhanced by adding an underlying reflective plane 
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on the other side of the dielectric layer. For a fan-rod plasmonic 
antenna on a SiO2 dielectric layer (Figure  1g), Brown et al.[12] 
found that an added Au film under the dielectric layer could 
effectively increase the interfacial electromagnetic field for both 
fan and rod parts of the antenna by a factor of 5−6, which is 
ascribed to the scattered-wave interference from the under-
lying Au mirror. In addition to the interference effect, when the 
spacing between plasmonic nanocrystals and underlying metal 
films is close enough, the plasmonic antennas can be cou-
pled with the metal film. This interaction affects the intrinsic 
plasmon resonance of the antennas and then enhances the 
plasmonic resonance at the interface. For instance, when an Al 
nanoparticle was coupled with an Al film that was separated by 
a ≈6 nm Al2O3 layer, the linewidth of the dipolar plasmon reso-
nance for the Al nanoparticle could be narrowed by more than 
half, thus increasing the plasmonic scattering efficiency at the 
interface.[13]

In addition to the heterostructures with plasmonic 
nanoantennas on one side of the semiconductor layer, the 

semiconductor nanomaterials can be sandwiched in the gap 
of plasmonic nanoantennas, which could realize more effec-
tive couplings between the plasmonic mode of nanoantennas 
and the photonic mode of semiconductor nanomaterials. 
For instance, Casadei et al.[14] have studied the plasmonic-
photonic coupling between dimer metal nanoantennas and 
single semiconductor nanowires (NWs). Specifically, for indi-
vidual GaAs NWs with ≈70 nm diameter sandwiched in the 
90 nm gap of Au dimer nanodisks, both longitudinal and 
transverse plasmonic polarizations of Au dimer antennas 
could be effectively coupled with the NWs. Herein, for the 
transverse polarization, the coupling between the plasmonic 
antennas and the NWs is strong, and the localized electro-
magnetic field in the feed-gap regions of nanoantennas not 
only could be confined to the outside surface of the NWs, 
but also penetrate into the NWs (Figure 1h). Therefore, such 
resonant coupling between plasmonic dimer antennas and 
semiconducting NWs can efficiently concentrate light to sem-
iconductor nanomaterials for further applications.
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Figure 1.  Plasmon-induced electromagnetic field enhancement at the metal/dielectric semiconductor interface. a,b) Electric field distribution (a) and 
dipolar charge distribution (b) for an individual plasmonic Au nanoparticle (Au NP) on a dielectric semiconductor under p-polarized (left) and 
s-polarized (right) incident lights. c) Schematic illustration of the formation of hybridized bonding D and antibonding Q modes due to substrate-
mediated D0 and Q0 interactions. d) Electric field amplitude for a plasmonic Ag cube on a dielectric substrate at substrate-induced Fano resonance Q 
and D modes. e) Energy-density distribution for an individual InGaN@GaN core-shell nanorod on a SiO2-covered epitaxial Ag film. f) Electromagnetic 
density distribution across the cross-section of a (Al) GaAs nanowire core/native oxide shell/Ω-shaped Au nanocavity. g) Electric field distribution 
for a plasmonic fan antenna. h) Near-field distribution of an Au nanoantenna coupled GaAs nanowire system. a) Reproduced with permission.[20] 
Copyright 2013, American Chemical Society; b) Reproduced with permission.[4] Copyright 2009, American Chemical Society; c) Reproduced with 
permission.[6] Copyright 2011, American Chemical Society; d) Reproduced with permission.[6] Copyright 2011, American Chemical Society; e) Repro­
duced with permission.[8] Copyright 2012, American Association for the Advancement of Science; f) Reproduced with permission.[9] Copyright 2014, 
American Chemical Society; g) Reproduced with permission.[12] Copyright 2015, American Chemical Society; h) Reproduced with permission.[14] 
Copyright 2014, American Chemical Society.
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2.3. Applications of Plasmon-Induced Light Concentration

The coupling between plasmonic antennas and dielectric semi-
conductors or its further interaction with the interparticle-cou-
pled hot spots of plasmonic antennas can effectively concentrate 
light to the metal/semiconductor interface for a variety of plas-
monic enhancement applications, such as photovoltaic conver-
sion, photocatalytic reaction, photodetector, photoluminescence 
and quantum information manipulation.[15] For photovoltaic 
applications, by studying a model system with an atomically 
flat dielectric TiO2/dye/graphene/plasmonic metal interface 
(Figure 2a), we have confirmed that the substrate-induced plas-
mons could concentrate light to the dye layer for improving 
the photoexcitation process, thus enhancing the photoelectric 
conversion efficiency.[11] With an octahedral Ag nanocrystal 
decorated on a single-nanowire silicon solar cell, Brittman 
et al.[16] found that the interaction between the plasmon reso-
nance mode of Ag nanocrystals and the photonic mode of 
silicon nanowires could concentrate light into the nanowire 
for increasing the photocurrent of the solar cell. For photo-
catalytic reactions, especially the water splitting reaction, such 

plasmonic enhancement effect at the metal/semiconductor 
interface was widely used for increasing the photocatalytic effi-
ciency. For instance, several hybrid plasmonic metal/hematite 
(Fe2O3) nanostructures, such as Au nanoparticles scattered on 
the surface of Fe2O3 films,[17] Fe2O3 nanorod arrays incorpo-
rated into an Au nanohole array pattern,[18] and Si−Al−Fe2O3 
core−multishell nanowires,[19] have been fabricated for utilizing 
the plasmonic enhancement effect at the heterointerfaces to 
concentrate light into Fe2O3, which was used for enhancing 
the photocatalytic oxygen-producing process at Fe2O3 photo-
anodes. In addition, the electromagnetic field concentrated at 
the heterointerfaces can be coupled with plasmon-induced hot 
electrons for generating and separating more hot carriers for 
photocatalytic reactions. For example, hybrid nanomaterials 
with Au nanoparticles directly decorated on TiO2 nanowires[20] 
or with Au nanodisk antennas/thin TiO2 films/underlying Au 
mirror structures (Figure  2b)[21] have been prepared for effec-
tively utilizing interface-enhanced hot carriers for photoelec-
trochemical water splitting. In photodetecting devices, Zheng 
et al.[22] integrated Al grating into a metal–semiconductor–
metal photodetector by using a Al grating/50 nm SiO2/Si 
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Figure 2.  Applications of plasmon-induced light concentration. a) Substrate-induced interfacial plasmonics for photovoltaic conversion with a TiO2/
dye/graphene/plasmonic metal interface. The inset shows the side view of the electrical field distribution surrounding individual NPs in the TiO2/dye/
graphene/plasmonic metal system. b) Plasmon enhanced internal photoemission in an antenna-spacer-mirror based Au/TiO2 nanostructure. c) Color-
selective and CMOS-compatible photodetection based on Al plasmonics. d) Dielectric-loaded surface plasmon polariton waveguides for two-photon 
quantum interference between plasmons. The insets show the schematic diagram (left) and energy distribution (right) for designed plasmonic wave­
guides. a) Reproduced with permission.[11] Copyright 2015, Nature Publishing Group; b) Reproduced with permission.[21] Copyright 2015, American 
Chemical Society; c) Reproduced with permission.[22] Copyright 2014, John Wiley & Sons, Inc.; d) Reproduced with permission.[25] Copyright 2014, 
Nature Publishing Group.



P
R
O

G
R
ES

S
 R

EP
O

R
T

© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim (5 of 11)  1600431wileyonlinelibrary.com

structure for realizing color selective detection (Figure 2c). For 
plasmon-enhanced photoluminescence, through fixing a plas-
monic Ag nanodisc array to a large-area MoS2 monolayer on 
SiO2/Si substrates, Butun et al.[23] demonstrated a 12-time 
enhanced photoluminescence of the MoS2 monolayer due to 
the plasmon-induced interfacial light concentration.[24] In addi-
tion to above-mentioned applications, with patterned dielec-
tric polymethyl methacrylate (PMMA) loaded on Au films for 
surface plasmon polariton waveguides, Fakonas et al.[25] have 
realized two-photon quantum interference between plasmons 
(Figure 2d), which helps to employ plasmonic devices in future 
quantum information applications.

3. Plasmon-Induced Hot Carriers

In addition to the remarkable capabilities of light trapping and 
electromagnetic field concentration, plasmonic nanostructures 
can also directly turn the collected optical energy into the elec-
trical energy by generating hot carriers. Specifically, after light 
absorption, the plasmon excitation can nonradiatively decay 
into hot carrier states on a timescale ranging from 1 to 100 fs 
(Figure 3a). These plasmon-induced hot carriers in metals could 
be separated at the metal/semiconductor interface for further 
applications. Therefore, effective control of the metal/semicon-
ductor interface for high-efficiency hot-carrier generation, sepa-
ration and transport is of crucial importance to utilize these hot 
carriers in plasmonic heterostructures.

3.1. Plasmon-Induced Hot Carrier Generation

The decay of plasmon excitation to hot carriers is a pure 
quantum mechanical process, Landau damping, in which 
a plasmon quantum is transferred into an intraband excita-
tion within the conduction band of the metal or an interband 
excitation between occupied bands (usually d bands) and the 
conduction band (Figure  3a). These different types of hot-
carrier excitation are affected by the intrinsic material and 
architectural properties of plasmonic nanostructures, which 
determines the applications of plasmon-induced hot carriers. 
Through first principles calculations, Sundararaman et al.[26] 
have systematically investigated plasmon-induced hot-carrier 
generation in typical plasmonic metal materials: Al, Au, Ag 
and Cu. Their calculations illustrated that interband transi-
tions at higher plasmon energies dominate the initial energy 
distribution in plasmonic nanostructures, particularly for the 
structures with a large scale. The electronic band structures, 
especially the energy difference between the d bands and the 
Fermi level of the metals, could significantly affect the inter-
band excited hot carriers. In detail, the generated hot holes 
in Cu and Au are more energetic than the generated hot elec-
trons by 1–2 eV; the hot holes and electrons are with equitable 
narrow energy distributions in Ag and continuous energy dis-
tributions in Al. When the confining geometries of plasmonic 
structures become smaller, usually <20 nm, nano-confinement 
effects allow the intraband transitions to take place and alter 
the hot carrier distributions, which finitely generate hot 
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Figure 3.  Plasmon-induced hot carriers. a) Plasmons in metal nanostructures can decay via a radiative path with re-emitting photons or via a nonra­
diative path with generating hot carriers. The nonradiative decay can proceed through intraband excitations or interband excitations. b) Hot electron 
transport near the interface, where hot electrons far away from the interface will recombine with hot holes. c) Band diagram schematic of a Au–TiO2 
Schottky device. The Schottky barrier prevents the carriers with low energy to cross over. d) Band diagram schematic of a Au–Ti–TiO2 Ohmic device. A 
non effective Ohmic barrier allows for the collection of carriers with low energy. e) Plasmon-induced metal-to-semiconductor interfacial charge-transfer 
transition (PICTT) pathway, where the plasmon decays via directly creating an electron in the conduction band (CB) of CdSe and a hole in Au. a) Repro­
duced with permission.[2g] Copyright 2014, Nature Publishing Group; b) Reproduced with permission.[2g] Copyright 2014, Nature Publishing Group; 
c) Reproduced with permission.[28] Copyright 2015, Nature Publishing Group; d) Reproduced with permission.[28] Copyright 2015, Nature Publishing 
Group; e) Reproduced with permission.[32] Copyright 2015, American Association for the Advancement of Science.
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carriers at lower plasmon energies by directly exciting elec-
trons from the Fermi level of plasmonic structures. Further-
more, the geometry of plasmonic structures can affect intrinsic 
plasmon resonance and thus the energy distribution of 
plasmon-induced intraband transitions.[27] For instance, spher-
ical Au nanoparticles support a single plasmon resonance in 
the visible range, while Au nanorods exhibit both longitudinal 
and transverse plasmon resonances, where the longitudinal 
resonance could be tuned to the near-infrared region with 
lower energy by increasing the nanorod aspect ratio. Hence, 
the initial hot carrier distributions in plasmonic structures can 
be effectively controlled by optimized material selection and 
geometry design.

3.2. Plasmon-Induced Hot Carrier Transport

To efficiently utilize plasmon-induced hot carriers, they 
should be transported to the metal/semiconductor interface 
for collection. However, the generated hot carriers far from 
the interface can lose energy through scattering, recombi-
nation or other processes, and finally be prevented to cross 
over the Schottky barrier for further applications (Figure 3b). 
Only the generated hot carriers close to the interface within 
the mean-free path (25 nm for Au) can be transported to the 
interface for collection.[28] Therefore, for effectively utilizing 
plasmonic hot carriers, the density of generated hot carriers 
should be increased near the interface within the mean-free 
path. Through ultrafast temporal and spectral detections of 
excited plasmonic hot electrons in metal/semiconductor nano-
structures, Harutyunyan et al.[29] found that most plasmonic 
hot electrons were generated from hot spots of the system, 
where the concentrated electromagnetic field was strong due 
to plasmon resonant coupling. Therefore, concentrating the 
plasmon-induced electromagnetic field to the metal/semi-
conductor interface, such as substrate-induced interfacial 
plasmon or plasmonic coupling between metal nanostruc-
tures,[20,21] helps to enhance both the hot carrier generation 
in plasmonic metals and further transport to the interface for 
collection.

3.3. Plasmon-Induced Hot Carrier Collection

For plasmonic hot carrier collection, hot carriers usually 
need to cross over a Schottky barrier at the metal/semicon-
ductor interface, where the effective physical contact between 
the metal and the semiconductor is a key factor.[30] In detail, 
when hot electrons have energies higher than the Schottky bar-
rier energy, they can be injected into the semiconductor with 
matched conduction bands. In addition, hot electrons with a 
lower energy could also tunnel across the barrier to the semi-
conductor, but with a much lower possibility. Therefore, to 
effectively utilize plasmon-induced hot carriers with specific 
distributions, metal/semiconductor interface engineering with 
the matched Schottky barrier are necessary for efficiently col-
lecting hot carriers. As the Schottky barrier height for elec-
trons at the metal/semiconductor interface is determined 

by the energy level difference between the Fermi level of the 
metal and the conduction band of the semiconductor, in most 
cases choosing the appropriate metallic nanostructure and 
semiconductor materials with the matched energy levels is an 
effective way for tuning the Schottky barrier.[2g] For a specific 
metal/semiconductor interface, interface modification can also 
be used for adjusting the barrier. Through adjusting the con-
tact barrier, Zheng et al.[28] found that the Schottky contact at 
the Au/TiO2 interface could only allow the interband excited 
plasmonic hot electrons, which have higher energy than the 
intraband excited plasmonic hot electrons from the d band, 
to cross over (Figure 3c). When a layer of Ti with a thickness 
of 2 nm was incorporated into the Au/TiO2 interface, the Ti 
layer aligned the Fermi level of Au with the conduction band 
of TiO2 to form an Ohmic contact with no barrier for electrons. 
For such an Ohmic contact, low-energy hot electrons could 
also cross over the interface. As a result, both plasmonic intra-
band higher-energy hot electrons and interband lower-energy 
hot electrons can be collected (Figure  3d). In addition, when 
a 1–2 nm Ti adhesion layer was incorporated into the Au/Si 
interface, the height of the Au/Si Schottky barrier was reduced 
from ≈1.1 eV to ≈0.5 eV. This lower Au/Ti/Si Schottky bar-
rier permitted plasmonic hot electrons with a lower energy, 
which were generated from the nanorods with longitudinal 
plasmon resonance excitation at the near-infrared region, to be 
collected.[27]

In addition to the suitable barrier height at the interface, the 
efficiency for hot carrier collection is mainly determined by 
the competition between the effective hot carrier injection pro-
cess and ineffective energy relaxation and electron-hole recom-
bination processes. Therefore, fast injection of hot carriers is 
necessary for efficient carrier collection, which is controlled 
by the coupled density of states (DOS) between the metal and 
the semiconductor. For instance, in an Au/TiO2 system,[31] 
due to the high d-orbital DOS in the conduction band of TiO2, 
hot electrons can inject into TiO2 on a sub-100 fs time scale, 
which is faster than the intrinsic carrier relaxation process in 
Au nanostructures on a 100 fs to 1 ps timescale and electron-
hole recombination at the trap sites of Au/TiO2 interface on 
a 1 ps to nanoseconds timescale. When the interdomain cou-
pling and mixing between metallic nanostructures and semi-
conductor levels become strong enough, a new plasmon decay 
pathway could be opened at the metal/semiconductor inter-
face for separating plasmon-induced electron-hole pairs with 
high efficiency. In detail, as shown in Figure  3e, the decay of 
plasmons could directly excite an electron from the metal to a 
strongly coupled semiconductor, which directly creates an elec-
tron in the conduction band of the semiconductor and a hole 
in the metal. Such plasmon induced metal-to-semiconductor 
interfacial charge transfer transition (PICTT) pathway is more 
effective for plasmon induced electron-hole pair separation at 
the interface than the traditional plasmon induced hot-elec-
tron transfer (PHET) pathway. For instance, in an Au/CdSe 
system,[32] the strong coupling between the electronic levels of 
Au and CdSe led to a strongly damped Au plasmon and highly 
efficient plasmon-induced electron-hole pair separation with 
a quantum efficiency >24% at the Au/CdSe interface by the 
PICTT pathway.
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3.4. Plasmon-Induced Hot Carrier Decay for Local Heating

When plasmon-induced hot carriers generated in metals 
cannot be effectively separated from each other for injection 
into adjacent semiconductors or molecules for further applica-
tions, the hot carriers will decay into local heat. Through elec-
tron–electron scattering processes, the hot carriers will realize 
their energy redistribution within a timescale ranging from 
0.1 ps to 1 ps, which leads to remarkable heating of the plas-
monic nanostructure itself (Figure 4a,b); next, on a longer time-
scale ranging from 0.1 ns to 10 ns, the local heat will be further 
transferred from the nanostructure itself to its surrounding 
environment by thermal conduction (Figure 4c).[2f ]

For plasmonic nanoparticles dispersed in liquids, plasmon-
induced local heating under irradiation with the matched laser 
could boil the liquid and lead to the formation of nanobubbles 
surrounding the plasmonic particle. Through systematically 
studying the bubble formation process at an individual metallic 
nanoparticle, Fang et al.[33] found that the rate of plasmon-
induced heat generation is proportional to the optical absorp-
tion cross-section of plasmonic nanostructures multiplied by 
the incident optical intensity. With the increase of the laser 
power and the decrease of the nanoparticle size, the localized 
heating can be enhanced within a certain range. Furthermore, 
Hogan et al.[34] found that the light trapping effect, which arises 
from the collective effect mediated by multiple light scattering 
from the plasmonic nanoparticles, could be coupled with the 
hot carrier decay for providing intense localized heating.

3.5. Applications of Plasmon-Induced Hot 
Carriers

Through interface engineering in metal/
semiconductor hererostructures, the gen-
eration, transport and collection of plasmon-
induced hot carriers can be effectively 
controlled at the interface, which ensures 
the efficient utilization of plasmon-induced 
hot carriers for photodetecting, photovoltaic 
and photocatalytic applications. For instance, 
in an interface engineered Au/Ti/Si photo-
detector (Figure  5a), hot carriers generated 
from plasmon excited gratings in the near-
infrared region can be effectively collected at 
the Schottky interface for producing photo-
current, thus realizing narrowband photode-
tection in the near-infrared region.[35] With 
plasmon-induced hot carrier generation in 
Au nanorods and collection at the Au/TiO2 
Schottky interface, Mubeen et al.[36] demon-
strated the fabrication of a wholly plasmonic 
photovoltaic device (Figure  5b). In addi-
tion, because plasmon-induced hot carriers 
exhibit both reduction and oxidation activi-
ties, they are widely utilized in many pho-
tocatalytic systems. For example, through 
collecting hot electrons by the capped TiO2 
layer, which was further decorated with 
platinum nanoparticles as the hydrogen 

evolution catalyst, and hot holes by the cobalt-based oxygen 
evolution catalyst (Co-OEC) on Au nanorods, Mubeen et al.[37] 
have achieved an autonomous plasmonic solar water splitter 
(Figure 5c). By using the presynthesized colloidal Au nanopar-
ticles and a designed ligand-exchange method, Ding et al.[38] 
synthesized uniform plasmonic Au/TiO2 photocatalysts with 
close Au/TiO2 Schottky contacts, which displayed the superior 
plasmonic photocatalytic activity for dye decomposition under 
visible-light illumination. Furthermore, as the plasmon-
induced electron-hole energy distributions can be effectively 
controlled in plasmonic nanostructures, plasmon-induced 
hot carriers could be used for photocatalyzing mild organic 
oxidation-reduction reactions in a controllable manner. For 
example, with Au nanoparticles (NPs) with a bimodal size on 
TiO2 for controlling both size dependent energy distributions 
and charge transport of plasmon-induced hot carriers, both 
plasmon-induced photocatalytic reduction from nitrobenzenes 
to azobenzenes and photocatalytic oxidization from isopro-
panol to acetone could occur in plasmonic nanostructures 
(Figure  5d).[39] In addition to the injection of hot carriers to 
semiconductors, the hot carriers can be also directly injected 
into absorbed molecules for hot-carrier assisted photocatalysis. 
For example, Christopher et al.[40] found that hot electrons in 
plasmonic Ag nanostructures could be injected into absorbed 
O2 on the surface for forming an active transient negative-ion 
state, which can be used for different kinds of catalytic oxida-
tion reactions, such as ethylene epoxidation, CO oxidation and 
NH3 oxidation.
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Figure 4.  Plasmon-induced local heat in plasmonic nanostructures. a–c) Schematic represen­
tations of the Landau damping, carrier relaxation and thermal dissipation processes with the 
corresponding population of the electronic states. Hot electron distributions are represented 
by the crimson areas above the Fermi energy EF and hot holes are represented by the cyan area 
below EF. Reproduced with permission.[2f ] Copyright 2015, Nature Publishing Group.
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4. Plasmon-Induced Energy Transfer

In addition to plasmon-induced light trapping and hot-carrier 
injection effects, another important factor of influencing the 
final efficiency in different applications of plasmonic metal/
semiconductor nanocomposites is plasmonics-modulated 
energy transfer at the heterointerfaces. In the following sec-
tion, we systematically illustrate such plasmon-induced 
energy transfer at the metal/semiconductor interface and its 
applications.

4.1. Plasmon-Induced Resonance Energy Transfer

Due to the dipole-dipole coupling between the plasmon excited 
metal and the adjacent semiconductor with partially overlapped 
spectra, as shown in Figure 6, not only the absorbed energy in 
a plasmonic metal can transfer forward to a semiconductor, 
which leads to the plasmonic enhancement of semiconductor 
excitation, but also the excited energy in a semiconductor can 
transfer backward to a metal, which leads to the quenching of 
the excited semiconductor.[41] For the forward energy transfer, 
if spectral overlap exists between the plasmon excitation of the 
metal and the band absorption of the semiconductor and the 
semiconductor is spatially located within the plasmon’s near 
field,[30] via dipole–dipole coupling the plasmonic energy can 
coherently transfer from a metal to a semiconductor before the 

dephasing of the collective dipole moment of plasmonic metals, 
which is also called a plasmon-induced resonance energy 
transfer (PIRET) process. For the backward energy transfer, 
the thermal relaxation of the excited carriers in semiconductors 
usually occurs before the energy is transferred from a semicon-
ductor to a metal by an incoherent Förster resonance energy 
transfer (FRET) process, which has a Stoke’s shift to the red-
shifted direction in most cases.

It is well known that energy transfer induced by dipole-
dipole coupling between donors and acceptors is proportional 
to their dipole moments, and the materials with larger dipole 
moments tend to provide energy. In addition, the dephasing 
times of the dipoles also have crucial effects on the direc-
tion of energy transfer. In general, the dipole with the short 
dephasing time builds up an incoherent state more quickly 
and thus traps more energy. In traditional plasmonic metal/
semiconductor systems, the dipole moment resulted from 
plasmons in metals with the collective motion of many con-
duction electrons is an order of magnitude larger than that 
of the interband transition of semiconductors. The dephasing 
times for both dipoles are similar in most cases, wherein the 
relative plasmon-to-semiconductor dephasing times can be 
partially changed by interface dampening at the metal/semi-
conductor contact interface. Therefore, the energy is usually 
efficiently transferred from plasmon-excited metals to semi-
conductors, which can be used for generating electron–hole 
excitation below and near the semiconductor band edge 
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Figure 5.  Applications of plasmon-induced hot carriers. a) Narrowband photodetection in the near-infrared region with a plasmon-induced hot electron 
device. b) Plasmonic photovoltaics. c) An autonomous photosynthetic device in which all charge carriers derive from surface plasmons. d) Plasmon-
induced photocatalytic reduction and oxidization. a) Reproduced with permission.[35] Copyright 2013, Nature Publishing Group; b) Reproduced with 
permission.[36] Copyright 2014, American Chemical Society; c) Reproduced with permission.[37] Copyright 2013, Nature Publishing Group; d) Repro­
duced with permission.[39] Copyright 2014, John Wiley & Sons, Inc.
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(Figure  7a).[42] In the case of the sole excitation of semicon-
ductors, energy can also transfer from a semiconductor to a 
metal, which leads to the partial quenching of semiconductors 
at that excitation wavelength. In general, the efficiency of 
energy transfer induced by dipole-dipole coupling is greatly 

affected by the distances between the two dipoles. At a long 
distance, the electric field decays as 1/d6, where d denotes the 
distance between the centers of the two nanoparticles. How-
ever, at a shorter distance, the electric filed decays as 1/s4 
(s is the distance between the surface of the nanoparticles), 

Adv. Energy Mater. 2016, 1600431
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Figure 6.  Resonance energy transfer at the plasmonic metal/semiconductor interface. For plasmon-induced resonance energy transfer, the plasmon 
is excited and its energy is transferred to the semiconductor (left). For Förster resonance energy transfer (FRET), the semiconductor is excited and its 
energy is transferred to the plasmon (right). Reproduced with permission.[41] Copyright 2015, Nature Publishing Group.

Figure 7.  Applications of plasmon-induced resonance energy transfer. a) Photocatalytic activity enhanced by plasmonic resonant energy transfer from 
a metal to a semiconductor. b) Quantum emitters comprising a quantum dot coupled with an Ag nanowire. c) Non-blinking quantum dot with a 
plasmonic nanoshell resonator. d) Plasmonic nanocrystal solar cell utilizing strongly confined radiation. a) Reproduced with permission.[42] Copyright 
2012, American Chemical Society; b) Reproduced with permission.[44] Copyright 2015, American Chemical Society; c) Reproduced with permission.[45] 
Copyright 2015, Nature Publishing Group; d) Reproduced with permission.[46] Copyright 2014, American Chemical Society.
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because the curved surface of the plasmonic nanoparticle can 
be approximated as a flat surface.

4.2. Applications of Plasmon-Induced Resonance Energy 
Transfer

By selecting matched plasmonic metal and semiconductor 
materials, and modifying the metal/semiconductor contact 
interface, the plasmon-induced resonance energy transfer path-
ways can be effectively controlled and then the transferred plas-
monic energy can be utilized for many plasmonic enhanced 
applications.[43] For instance, in a plasmonic enhanced photo-
luminescence system composed of a Ag nanowire and a single 
quantum dot emitter (Figure  7b), through controlling the 
plasmon-induced resonance energy transfer path by tuning the 
emitter-nanowire distance with a Al2O3 interlayer, plasmonic 
enhanced photoluminescence of the emitter reached an opti-
mized efficiency at the distance of 10 nm.[44] In another pho-
toluminescence emitter hybridized with a single CdSe/CdS 
quantum dot core which was encapsulated in a SiO2 shell and 
further coated with a layer of Au nanoshell (Figure  7c), the 
plasmon-induced resonance energy transfer from the plas-
monic Au nanoshell resonator to the quantum dot core provided 
the emitter with a non-blinking and Poissonian emission.[45] In 
mixed (Au, PbS) solar cells (Figure 7d), the interface passivation 
by 5 nm Au nanoparticles, which have strong confined radia-
tion, with a thin layer of wide gap semiconductor, could support 
effectively plasmon-induced resonant energy transfer from Au 
nanoparticles to PbS nanocrystals, thus enhancing power con-
version efficiency.[46] For photocatalytic O2 evolution reaction 
at composite photoelectrodes with Ag nanocubes on nitrogen-
doped TiO2 (N–TiO2) films, the plasmon-induced resonance 
energy transfer from plasmonic Ag nanocubes to neighboring 
N–TiO2 semiconductors generated electron-hole pairs near the 
N–TiO2 semiconductor surface, which were further effectively 
separated from each other and then easily transported to the 
surface to be used for photocatalytic reactions.[47] It is worth-
while to mention that PIRET is most efficient to enhance the 
efficiency of plasmon-based solar energy conversion in photo-
voltaics (PV) and photo-electrochemical cells (PEC).[48] When 
the plasmon energy overlaps the semiconductor’s band edge, 
the large dipole moment of the plasmon allows strong light 
absorption and further effective energy transfer to the semi-
conductor, thus extending the semiconductor’s photoconver-
sion range. In particular, for a plasmon energy of ≈1.9 eV and 
a semiconductor bandgap of ≈1.8 eV, ≈2.3 enhancement of PV 
efficiency can be achieved, where PIRET dominates the largest 
enhancement. Therefore, plasmonics can be utilized to restore 
solar energy conversion of a weakly absorbing semiconductor 
to its Shockley-Queisser (SQ) limit.

5. Conclusions and Perspectives

The plasmon-induced interfacial processes in plasmonic metal/
semiconductor heterostructures can be summarized as fol-
lows. With the screening effect of dielectric semiconductors, 
the additional plasmonic nanocavity and further coupling 

with hot spots, light energy could be trapped at the metal/
semiconductor interface through photoexcitation of plasmonic 
metals to form the local electromagnetic field. Such plasmon 
resonance-mediated local electromagnetic field can be used to 
excite the intrinsic interband transitions of adjacent semicon-
ductors through either light scattering mechanism or plas-
monic radiative mechanism, wherein the light energy needs 
to be larger than the band gap of the excited semiconductors. 
On the other hand, after plasmonic excitation of metal nano-
structures, plasmon excitation can decay into hot electron-hole 
pairs by a nonradiative decoherent process. These hot car-
riers can further inject into the adjacent semiconductor by the 
direct charge transport process, which requires the matched 
electronic energy levels at the interface. In addition, when the 
plasmon-excited metal and adjacent semiconductor have a large 
spectral overlap, the plasmonic energy in metals can be reso-
nantly transferred to semiconductors and excite them before 
the dephasing of the collective dipole moment. Therefore, these 
plasmon-induced light trapping, hot carrier generation/trans-
port, and energy transfer processes at the heterointerfaces can 
be efficiently regulated. To fully utilize these unique plasmonic 
properties of metal/semiconductor nanostructures that would 
combine electronic and photonic components in the same 
device for a wide variety of applications, selection of matched 
materials and design of optimized interfaces are in urgent need 
to control these interfacial effects for realizing the high-perfor-
mance devices, which invites future intense research activities.
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