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ABSTRACT

Plasmonic  resonators  are  widely  used  for  the  manipulation  of  light  on
subwavelength  scales  through  the  near-field  electromagnetic  wave
produced  by  the  collective  oscillation  of  free  electrons  within  metallic
systems, well known as the surface plasmon (SP). The non-radiative decay
of  the  surface  plasmon  can  excite  a  plasmonic  hot  electron.  This  review
article systematically describes the excitation progress and basic properities
of SPs and plasmonic hot electrons according to recent publications.  The
extraction mechanism of plasmonic hot electrons via Schottky conjunction
to an adjacent semiconductor is also illustrated. Also, a calculation model
of hot electron density is given, where the efficiency of hot-electron excita-
tion, transport and extraction is discussed. We believe that plasmonic hot
electrons have a huge potential in the future development of optoelectronic
systems and devices.
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 1   Surface plasmons

The  interaction  of  incident  light  with  free  electrons
distributed on a metal  surface,  leading to the collective
oscillation of the free electrons can create what is called
a  surface  plasmon  [1].  Surface  plasmons  (SPs)  can
produce electric fields which are confined in a very small
mode volume, resulting in the near-field enhancement of
incident  light  [2].  Moreover,  SP  resonance  frequencies
can be adjusted by changing the shape and size of metal
nanostructures  [3].  Therefore,  SPs  provide  a  promising
approach  to  the  flexible  manipulation  of  light  at
subwavelength  scale.  There  are  various  metals
commonly used for plasmonics like Au, Ag, Cu, Al and
others. Among all plasmonic metals, Ag is the optimum
choice  due  to  highest  quality  factor  in  the  visible  and
near-infrared  wavelength  range,  being  attributed  to  its
lowest loss [4]. According to whether they are propagating
or not, SPs are divided into two types: Surface Plasmon
Polaritons  (SPPs)  which  is  also  called  Propagating
Surface Plasmons (PSPs), and Localized Surface Plasmon
Resonances (LSPRs) as shown in Fig. 1 [5–7]. The appli-
cation  of  SPs  has  been  extended  to  a  wide  range  of
important  fields  such  as  medical  science  [8–10],  energy
[11–15], lasing [16], display [17], sensor [18–24], imaging
[25, 26], cloaking [27], surface-enhanced Raman scattering
(SERS) [28, 29], nonlinear optics [30–34], laser-plasmonic
lithography [35, 36] and others.

 1.1   Surface Plasmon Polaritons (SPPs)

 1.1.1   Overview

Figure 2(a) presents a charge distribution schematic for
SPPs on a planar metal surface. Under appropriate illu-
mination,  the  excitation  of  SPPs  causes  the  alternative
distribution  of  positive  and  negative  charges  along  the
metal surface giving rise to forward-propagating energy,
with decay caused by metallic loss or others [37].

Collective oscillation can excite electric fields on both
sides of the interface, leading to enhancement of electric
fields near the metal surface. The strength of the SPPs’
electric field decays exponentially into the dielectric side
and  the  metal  itself,  with  different  decay  length  as
shown in Fig.  2(b).  It  is  clear  that the SPPs belong to
the class of evanescent fields. Its penetration depth into

δd δmthe dielectric side ( ) and the metal side ( ) are given
by [37]

δd =
λspp

2n
, (1.1a)

δm =
λspp

2π
. (1.1b)

λspp n

δm δd

π

Here,  is the plasmon frequency and  is the refractive
index of  the dielectric  side.  It  can be easily found from
Eq. (1.1) that the  is normally smaller than  due to a
smaller value of n than  in the denominator.

 1.1.2   Plasmon frequency

kspp = nsppk0

k0 = ω
c

nspp

The  wavevector  of  the  SPPs  is  given  by 
where  is the original wavevector of the light field
and  is the refractive index of the SPPs:

nspp =
c

vspp
. (1.2)

 
Fig. 1  Schematic  of (a) SPPs  and (b) LSPRs.  (a)  The
silver nanowire’s length is larger than the wavelength of incident
light  and  width  is  near  the  wavelength.  (b)  Silver
nanospheres’ size  is  much  smaller  than  the  wavelength  of
incident light (red).

 
Fig. 2  Schematic diagram of (a) charge distribution of the
SPPs  modes  on  the  interface  (black  solid  curves  represent
strength  of  electrical  field)  and (b) decay  of  electrical  field
through interface between metal and dielectric.
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vspp cIn Eq. (1.2),  is the phase velocity of SPPs and  is
the speed of light in vacuum,

vspp =
c

√
ϵspp

. (1.3)

ϵspp = ϵdϵm

ϵd+ϵm

ϵd ϵm

Here,  is  the  effective  relative  permittivity
experienced by the SPPs [38].  and  are the relative
permittivity of dielectric and metal beside the interface.
Therefore, we can get Eq. (1.4) from above:

kspp =
ω

c

√
ϵdϵm

ϵd + ϵm
. (1.4)

 1.1.3   Dispersion relation

In  classical  theory,  the  permittivity  depends  on  the
frequency  of  the  light,  which  will  lead  to  frequency-
dependent  propagation  (dispersion)  for  SPPs.  For
simplicity here, the Lorentz–Drude (LD) model is used,
which  only  considers  free-electron  (intraband)  effects
rather  than  bound-electron  (interband)  effects  [39].
Using this model, the complex permittivity of the metal
can be written as a function of the form [40]:

ϵ = ϵx + iϵy = 1−
ω2

p

ω2 + iҒω
. (1.5)

ω Ғ

ωp

ω2
p = Ne2

mϵ0

ϵ0
Ғ ωp

Ғ

Here,  is  the angular  frequency of  light field,  is  the
damping frequency (rate) related with the mean path of
electrons (inverse of lifetime of electrons’ free movement)
[40] and  is the plasmon frequency depending on intra-
band  transitions  of  electrons  ( ,  where N is
concentration of free electrons in metal and  is permit-
tivity  of  vacuum).  and  are  both  characteristic
parameters. We can easily find that a high damping rate
( ) is disadvantageous for the enhancement of the electric
field.

Provided the damping rate is neglected, Eq. (1.5) can
become

ϵ = 1−
ω2

p

ω2
. (1.6)

In  addition,  it  should  be  noted  that  the  quantum
confinement will appear which is negative for the electric
field  enhancement  of  SPPs  (coupling  strength)  if  the
light  field  is  confined  into  the  nanoscale  [41].  However,
this  phenomenon  has  less  influence  on  strong  coupling
since  the  mode  volume  of  SPPs  is  enough  spacious  to
avoid quantum confinement [1].

kspp

ω kspp ≡ k

For  SPPs  propagating  along  the  interface  between
metal  and  air,  we  still  consider  the  permittivity  of  the
metal  based  on  the  LD  model  as  mentioned  above.
Therefore,  we  can  derive  the  dispersion  relation  of 
and  from Eqs. (1.4) and (1.6) (  due to):

ω2 = ck2spp +
1

2
ω2

p ±
√
ck4spp +

1

4
ω4

p . (1.7)

±
We find that there are two branches in dispersion relation
corresponding to “ ” in Eq. (1.7). For light propagating
in dielectric or air, it meets a relation:

ω = ck =
ck0
n

=
ck0√
ϵ
. (1.8)

c ϵ

ϵ = 1

k0

Here,  is  the  light  speed  in  vacuum,  is  the  relative
permittivity of the dielectric (  for air and vacuum)
and  is the wavevector of the light propagating in air.

k kspp

Figure 3 shows the dispersion curve of SPPs based on
Eqs. (1.4) and (1.6) [42]. It is obvious that the in-plane
wavevector  (momentum) of  SPPs  is  always  larger  than
that of the incident light for the same angular frequency,
which  is  ascribed  to  the  dieletric  constant  sum  being
lower than zero [43]. Only if the wavevector of the incident
light  is equal to , called the momentum (wavevec-
tor)  matching  condition,  light  can  couple  to  SPPs [44].
Therefore,  the  incident  light  freely  propagating  in  the
dielectric  is  unable  to  excite  SPPs  on  the  planar  metal
surface. However, the excitation of SPPs can be realized
by  some  special  methods  such  as  prism  or  diffraction
coupling,  and  non-linear  mixing,  as  depicted  in  the
following sub-section.

Prism coupling

k0 nk0
n1k1 = n2k2

θSP

The wavevector of the incident light can be increased
from  to  when it enters into a prism of refractive
index n from  air  based  on  the  relation: .
Figure 4 shows two forms of prism coupling where  is
the angle of light in the prism deviated from the normal
of the prism’s bottom interface. Therefore, the component
parallel to the bottom interface of the wavevector can be
obtained:

 

ϵ0

Fig. 3  Dispersion  curve  (solid  curves)  of  the  SPPs.  The
horizontal  coordinate  is  the in-plane wavevector  (parallel  to
the interface) of light and the vertical coordinate is the angular
frequency of the SPPs. Dashed straight lines present the rela-
tionship between angular frequency and in-plane wavevector
of light in air and dielectric (  is permittivity of the dielec-
tric). The dashed curve represents the dispersion curve of the
mental film without dielectric cladding.
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k = nk0sin θSP. (1.9)

kspp

As is well known, there will be a total internal reflection
when the incident angle of light is larger than the critical
angle. Actually, when the total internal reflection occurs,
there will be an evanescent field excited on the interface,
decaying exponentially away from the interface. In addi-
tion,  the  incident  field’s  in-plane  wavevector  can  be
made to be equal to . Hence, we can adjust the incident
angle to make this evanescent field satisfy the matching
conditions  of  momentum (wavevector)  to  couple  to  the
SPPs.

Generally,  there  are  two  main  structures  of  prism
coupling.  One  is  the  Otto  structure  [Fig.  4(a)]  where
there is  a narrow dielectric  gap between the metal  film
and the prism [45]. The evanescent field of the prism can
couple to the SPPs on the interface between air and the
metal film. However, it is hard to accurately adjust the
nanoscale  thickness  of  the  air  gap.  To  overcome  this
barrier, the Kretschmann–Raether structure as shown in
Fig. 4(b) was designed where a very narrow metal film is
directly deposited on the bottom of the prism since the
nanoscale  thickness  of  metal  thin  films  is  relatively
easier to control by deposition [46]. The evanescent field
will couple to SPPs through the metal thin film.

Diffraction coupling

kx
kspp

kout

∆k = kout − kin = G G

Alternatively,  the  surface  of  metal  thin  film  can  be
engineered to be a periodical structure which can cause
diffraction of light and make the in-plane wavevector ( )
of the diffracted light the same as the wavevector ( )
of SPPs by adjusting the period of this grating, leading
to coupling [42, 47, 48]. For example, Fig. 5 shows that
diffraction  of  light  occurs  on  the  grating  surface  of  the
metal film. We can obtain 1D wavevector  of in-plane
scattered  light  based  on  Laue  equations
( ,  here  is  the  reciprocal  lattice
vector) from [49, 50]:

k2out = k2insin2θ +m

(
2π
a

)2

. (1.10)

kin

a m

Here, θ is  incident  angle,  is  wavevector  of  incident
light,  is grating constant and  is the diffraction order.
Of  course,  there  is  another  explanation  that  the  SPPs
rather than incident light are scattered [51]. In fact, the
nature  of  these  two  explanation  are  same  (they  have
fully  same  mathematical  formulation  and  they  can  be

thought as different forms of expression).

kinsin θ
L

θFWHM

When coupling happens, a part of the incident optical
energy hybridizes with the electronic oscillations resulting
in  a  dip  in  the  reflection  spectrum  (the  dip  centers  in

 which  meets  momentum  matching  condition)  as
shown  in Fig.  6 [52–54].  In Fig.  6,  is  the  oscillation
depth  and  is  the  full  width  at  half  maximum of
the dip which are proportional to coupling strength and
loss  of  oscillation  energy  respectively  (Q value  is
inversely proportional to loss of oscillation energy) [55].
It should be noted that plasmonic cavities usually have
a low Q value, ascribed to their high loss. This high loss
is the inevitable effect of the use of metals with negative
real permittivity and a high concentration of free electrons
[56].

kout kspp

ω

kx kx = kinsin θ

When  is  identically  equal  to ,  we  can  get  the
relation between frequency  and in-plane component of
wavevector  ( )  from  Eqs.  (1.4)  and  (1.10)
as  shown  in Fig.  7.  It  is  salient  that  there  exist  band
gaps  avoiding  occurrence  of  cross  between  SPPs  of
different diffraction orders.

 1.1.4   Propagation length

LsppThe propagation distance of SPPs ( ) is defined to be
the distance SPPs have travelled before decrease of the

 
Fig. 4  Schematic  diagrams  of  prism  coupling  of  incident
light  to  SPPs  with (a) Otto  structure  and (b) Kretschm-
ann–Raether structure.  

Fig. 5  Schematic of diffraction coupling to SPPs by grating
on surface of the metal film.

 
Fig. 6  Reflection  spectrum  of  metallic  grating  with  a
narrow  dip  corresponding  to  the  excitation  of  plasmonic
modes through grating coupling.

FRONTIERS OF PHYSICS TOPICAL REVIEW

63602-4   Hao Zhang, et al., Front. Phys. 18(6), 63602 (2023)

 



intensity  to  1/e  of  the  initial  value  [37],  depending  on
the imaginary part of the SPPs’ wavevector [57]:

Lspp =
1

2Im (kspp)
. (1.11)

Because the metal has a complex relative permittivity:

ϵm = ϵ′m + iϵ′′m (1.12)

ksppand  according  to  Eq.  (1.4),  the  SPPs’ wavevector 
can be written as a complex form:

kspp = k′spp + ik′′spp =
ω

c

√
ϵd(ϵ

′
m + iϵ′′m)

ϵd + (ϵ′m + iϵ′′m)
. (1.13)

ϵ′′m < ϵ′mAssuming , it can be obtained as [58]

k′spp =
ω

c

√
ϵdϵ

′
m

ϵd + ϵ′m
, (1.14a)

k′′spp =
ω

c

ϵ′′m

2(ϵ′m)
2

(
ϵdϵ

′
m

ϵd + ϵ′m

) 3
2
. (1.14b)

LsppHence, the propagation distance  becomes

Lspp =
c

ω

(ϵ′m)
2

ϵ′′m

(
ϵd + ϵ′m
ϵdϵ′m

) 3
2
. (1.15)

ϵ′m Lspp

ωp

Ғ

Lspp ≫ λspp

For metals with larger , a longer  can be obtained.
Figure  8 shows  the  propagation  length  of  SPPs  along
the  surface  of  silver  and  air  under  visible  and  near
infrared  wavelength  based  on  Eq.  (1.15),  in  which  the
relative  permittivity  of  silver  is  calculated  by  the
Drude–Lorentz (LD) model with  = 1.2 × 1016 rad·s–1

and  = 1.45  × 1013 s–1 [59].  It  can be  found that  the
propagation  length  is  much  longer  than  the  plasmon
wavelength ( ),  and across a wide spectral  can
be some hundreds of micrometers.

 1.2   Localized Surface Plasmon Resonances (LSPRs)

Different from SPPs, LSPRs are confined in the adjacencies
of  metal  nanoscale  particles  within  subwavelength
volume. When the incident light illuminates metal particles

like nanospheres [Fig. 1(d)] with size much smaller than
the  wavelength  of  light,  surface  free  electrons  will  be
driven by the light’s electric field to one end, resulting in
only positive charges left in the other end [59]. In conse-
quence,  Coulomb  interaction  between  opposite  charges
in two ends can provide a restoring force to sustain the
oscillation [1]. Many structures such as metallic rods [60,
61], voids [62], discs [63] and cubes [64] can be used for
the excitation of LSPRs.

The resonance frequency of LSPRs is very sensitive to
the geometry size and shape of the metal particles, and
the surrounding dielectric material [42]. Comparing with
the SPPs discussed above,  LSPRs do not need to meet
the  momentum  matching  conditions  of  coupling  since
space  translational  invariance  has  been  broken  which
means  the  momentum  does  not  need  to  be  conserved
anymore [65].  Therefore,  LSPRs can be directly excited
by the incident light freely propagating in the dielectric.

 2   Plasmonic hot electrons

SPs  have  two  outcomes  for  the  surface  or  near-surface
free  electrons  that  are  excited  on  the  metal:  radiative
decay to the emission of photons or non-radiative decay
to the excitation of hot electrons. In the past, non-radiative
decay was usually thought to be useless and disadvanta-
geous until the discovery of hot-electron excitation. Hot
electrons can be injected to the conduction bands of the
semiconductor  through  the  Schottky  barrier,  used  for
various applications [66]. In this section, the background
knowledge  of  plasmonic  hot  electrons  is  systematically
described with specific reference to generation principle,
relaxation process, the injection probability and others.

 2.1   Hot electron generation

 2.1.1   Photoexcitation hot electrons

Under the absolute zero temperature, electrons in metals
obey  the  Fermi–Dirac  distribution  (orange  solid  line  in

 
G =

2π
a

Fig. 7  Dispersion of SPPs by diffraction coupling ( ).

 
Fig. 8  The propagation length of the SPPs as a function of
the plasmon wavelength.
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fe (E) = 1

1+exp(E−EF
kBT

)
E T

fe (E) E < EF fe (E) = 0

E > EF T > 0

EF

Fig.  9) ,  showing  the  probability  dis-
tribution  of  an  electron  of  energy  at temperature 
[67].  is  unity  when ,  while,  for

.  While ,  some  electrons  distributed  in
energy  levels  close  to EF are  likely  excited  to  higher
energy levels beyond .

h E = h× µ

In 1887, Hertz [68] found earliest experimental pheno-
menon of photoelectric effect which was theoretically ex-
plained by Einstein [69] in 1905. According to Einstein’s
theory of the “Photoelectric Effect”, light is composed of
many  independent  photons  whose  energy E is  discrete
equal to their frequency μ timing the Planck’s constant
 ( ).  In  brief,  this  theory  illustrates  that  light

can excite an electron from a metal substrate only if its
frequency  rather  than  intensity  is  beyond  a  threshold
value decided by the metal substrate’s work function.

When  the  energy  of  a  photon  is  less  than  the  work
function of the metal, the electron will be excited to the
higher  energy  level.  This  electron  is  defined  as  the
photoexcitation  hot  electron.  Carriers  are  classified  as
cold  or  hot  carriers  according  to  whether  their  energy
are  much  larger  than  electrons  from thermal  excitation
under ambient temperature [70].

ℏω

T

ℏω

When  a  photon  with  energy  is  absorbed  by  the
metal,  the  distribution  equilibrium  of  electrons  under
temperature  is  broken  where  one  electron  is  excited
with increase of energy by  [red dashed in Fig. 10(a)]
[71]. Then, this photoexcitation hot electron will experience
fast  electron–phonon  [Fig.  10(b)]  and  electron–electron
[Fig. 10(c)] collisions, resulting in transferring of energy
from the hot electron to the lattice and other cold electrons
close to the Fermi energy level.

 2.1.2   Plasmonic hot electrons

As introduced above, surface plasmons (SPP and LSPR)
are  the  collective  oscillation  of  surface  free  electrons  in
metallic  nanostructures  caused  by  incident  light  which
can effectively enhance local electric field. Then, surface
plasmons  will  rapidly  decay  [72].  As  shown  in Fig.  11,

EF EF + ℏωp ℏωp

their decay has two outcomes: one is rediative re-emission
of  a  photon  and  the  other  is  non-rediative  damping  to
form electron–hole pairs within 100 fs, transferring their
energy to electrons [73]. These electrons are called “hot
electrons” and  their  energy  is  ranged  from  the  Fermi
level  to . Because plasmon energy  is less
than  the  plasmonic  metal’s  work  function,  these  hot
electrons  cannot  escape  to  the  vaccum  [70].  Finally,
these hot electrons will experience a very fast relaxation
process  in  which  their  energy  totally  transformed  into
heat in the end [70, 72].

 2.1.3   Difference between plamonic and photoexcitation
hot-electron excitation

1
4ε0E

2

1
4µ0H

2

It is necessary to understand whether there is any difference
between the hot electron generation from the absorption
of  a  photon  and  a  plasmon. Figure  12 shows  energy
compositions of one photon in the dieletric and one plasmon
in the metal. The energy of one photon in the dieletric is
mainly  devided  into  the  electric  field  energy  ( ),
magnetic  field  energy  ( )  and the  potential  energy
of  bound  carriers.  For  one  plasmon  in  the  metal,  the

 
Fig. 9  The  Fermi–Dirac  distribution  at  the  absolute  zero
temperature (orange solid line), showing a step at the Fermi
level. For T > 0, some electrons below EF can be thermally
excited (green dotted curve).

 

ℏω
Fig. 10  The electron distribution under (a) the absorption
of a photon with energy , (b) electron–phonon scattering
and (c) electron–electron scattering.

 
Fig. 11  Schematic of radiative and non-radiative decay of
plasmon.
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1
4ε0E

2

energy  is  mainly  composed  of  the  electric  field  energy
( ),  the  potential  energy  of  bound  carriers  and  the
kinetic  energy  of  the  collective  motion  of  free  carriers.
Whereas,  only  the  electric  field  can  interact  with  one
electron–hole pair in the metal or the dieletric according
to  the  Hamiltonian er·E [74].  Therefore,  the  physical
nature  of  the  absorption  of  a  photon  and  a  plasmon is
identical.

 2.2   Excitation mechanics of hot electrons

There are four main excitation chanels for plasmonic hot
electrons  as  inroduced  below  [75].  As  displayed  in Fig.
13(a), for direct interband excitation in silver and gold,
their  band  gap Eds between  Fermi  level  locating  in  s
band  and  d  shell  is  3  eV  and  2  eV  respectively  [76].
Therefore,  only  the  ultraviolet  excitation  can  overcome
these barriers. For holes left in d shell, they can have a
large  potential  energy  relative  to  Fermi  level  due  to
their large effective mass. However, they have no access
to  reaching  the  metal  surface  because  of  their  short
mean  free  path  ascribed  to  their  small  kinetic  energy
and  ballistic  velocity  [75].  Only  in  the  case  that  first-
generation hole decays to three second-generation particles
(two  holes  and  one  electron)  in  s  band,  it  can  become
possible.  Owing  to  decreased  energy  in  this  decay,  the
possibility  for  these  second-generation  particles  is  still
rather low. Therefore, the direct interband transistion is
unlikely for hot carriers injection.

The  second  path  is  phonon-assisted  (or  impurity-
assisted)  transitions,  involving  the  absorption  between
two states of different wavevectors in the same s band,
as  shown  in Fig.  13(b).  Due  to  the  mismatch  of
wavevector  (momentum)  between  two  states,  a  modifi-
cation  is  required  caused  by  a  phonon  or  an  impurity

ωpℏ
ωpℏ

with wavevector k.  Firstly,  the plasmon is absorbed for
the generation of a hot electron and a hot hole. The first-
generation energy EF < E < EF +  for hot electrons
and EF > E > EF–  for  hot  holes.  Among  it,  all
energy  from  plasmon  is  almost  tranferred  to  the  hot
carriers without dissipation to carriers around the Fermi
level.

ωpℏ
4

k1 + k2 = k′1 + k′2 + g g

γee = FU (ω)× τ−1
ee (ω)

τ−1
ee ≈ π

24
EF
ℏ

(
ℏω
EF

)2

FU (ω)

The third approach is  electron–electron (EE) scatter-
ing-assisted transitions [Fig. 13(c)] where two hot electrons
and  two  hot  holes  share  the  energy  from  the  decay  of
plasmon, with each average energy equal to  [77]. At
low frequencies, the EE scattering plays a negligible role
in  electrical  resistance  since  the  total  momentum  is
conserved  [75].  Hence,  energy  will  be  constant  without
any loss in EE scattering. However, for optical frequency,
the energy of photon is high enough for the activation of
the  Umklapp  processes  where  one  electron  can  be
excited  to  adjacent  Brillouin  zone  so  that  momentum
conservation becomes  (  is the recip-
rocal  lattice  vector)  [78].  The  EE  scattering-assisted
plasmon damping rate is defined by 
where the EE scattering rate is  regardless
of temperature contributions and  is the fraction of
the  Umklapp  processes  in  the  total  EE  scattering,
usually the order of 0.2–0.5 [79]. As photon energy over
2  eV,  this  decay  channel  will  dominate.  But  for  the
photon  energy  less  than  1  eV,  its  effects  can  be
neglected.

γsurf = AvF
d

A

The  forth  decay  channel  is  surface  collision-assisted
transitions in classic physics [80] or Landau damping in
quantum picture [81] [Fig. 13(d)]. Classically, the collision
of  an  electron  with  the  surface  can  cause  the  energy
transfer between the electron and the lattice like collision
of  an  electron  with  a  phonon  or  defect.  During  this
process,  surface  collision  rate  [82]  is  (  is  a

 
Fig. 12  Energy  composition  distribution  of (a) a  photon
polariton  in  dielectric  and (b) a  plasmon  polariton  in  the
metal.

 
Fig. 13  Four mechanics of non-radiative decay of plasmon:
(a) direct  interband  transition; (b) phonon  (or  impurity)-
assisted  decay; (c) interelectronic  (EE)  scattering-assisted
decay; (d) Landau  damping  or  surface  collision-assisted
decay.
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vF

∆L = 2π
∆k = vF

ω

vFτee

dimensionless  constant  depending  on  the  particular
nanoparticle shape as well as material parameters of the
metal and the surrounding dielectric matrix, d is the size
of  the  nanoparticle  and  is  the  Fermi  velocity  about
1.4 × 108 cm/s for Au and Ag) [83]. Landau damping is
not required to follow the momentum conservation rules
since a recoil occurrs in the collision with metal surface,
resulting in the production of a phonon [84]. Hot electrons
generated  by  surface  collision  (Landau  damping)  only
exist within a thin layer of thickness  [74].
For example of gold under 700 nm excitation, the thickness
is  only  about  3  nm  much  shorter  than  the  mean  free
path 10–20 nm of interelectonic collisions (Lmfp = ).
Therefore, half of the carriers excited by Landau damping
can  reach  the  metal  surface,  accounting  for  Landau
damping  as  the  dominated  mechanic  for  hot-electron
injection from the metal.

 2.3   Relaxation process of hot electrons

The whole relaxion process with timescale after excitation
of LSPRs is mainly devided into four steps exhibited in
Fig. 14 [85]. Initially, at t = 0 s, the light illuminates on
a  metallic  nanoparticle  to  excite  LSPRs  [Fig.  14(a)].
LSPRs  can  enhance  local  electric  field  contributing  to
light absorption of metal.

τ

τp = γ−1

Subsequently,  as  shown  in Fig.  14(b),  the  plasmon
resonance will fully decay with rediation of photon or to
an electron hole  pair  within the lifetime  from 1 fs  to
100  fs  via  non-radiative  decay  ( ).  Suppressed
radiative damping is beneficial for generation of hot elec-
trons[86]. These hot electrons always get confined in the
metallic nanostructure because work function of metal is
much larger than LSPRs energy.

Te

TL

Te

τep

τee

Then,  after  the  electron–electron  collision  within
timescale ranging from 100 fs to 1 ps, a thermal equilibrium
among hot electrons [Fig. 14(c)] will be realized between
electrons in this  stage with the electron temperature 
obviously  higher  than  lattice  temperature  [87].  This
process  redistributes  initial  hot  electrons’ energy  to
other lower-energy electrons via the scattering and forms
the Fermi–Dirac statistics under electron temperature .
It  should  be  noted  that  scattering  between  electrons
may  occur  many  times  since  only  a  small  fraction  of
energy is transferred each time. Moreover, the once time
of  the  electron  phonon  scattering  roughly  has  the
same order of  magnitude as  (the once time of  inter-
electronic  scattering),  and  electron–phonon  collisions  in
this  period  can  be  neglected  due  to  its  low  energy  loss
[75].

τel

τel τep

Afterwards,  it  will  take  5–10 picoseconds  to  reach
equilibration  with  lattice  because  electron  phonon scat-
tering need to happen many times [87]. It is noteworthy
that  is totally different from . Finally, as shown in
Fig.  14(d),  the  lattice  and hot  electrons  will  cool  down
when  all  energy  is  transferred  to  the  surrounding  on  a

timescale from 100 ps to 10 ns depending on the metal
material,  the  particle  size  and  the  themal  conduction
property of the environment [70].

 2.4   Generation of equilibrium hot electrons

 2.4.1   Redistribution of energy by electron–electron
collisions

ℏω
τp

E1,n n

∑2
n=1 E1,n = ℏω τee

τ−1
ee ≈ π

24
EF
ℏ

(
ℏω
EF

)2

E2,n

∑6
n=1 E2,n = ℏω

E3,n

∑18
n=1 E3,n = ℏω

⟨EX,n⟩n = ℏω/(2 × 3X−1) kBTL TL

As  the  plasmon  decays  (E = )  shown Fig.  15(a),  it
will  take  to  excite  a  single  pair  of  hole  and  electron
with energy  (  = 1, 2) as the first-generation carriers
[Fig.  15(b)],  with  the  energy  sum  of  carriers

. After the time , around 10 fs [calculated
from the equation ], either the elctron or
the  hole  rapidly  scatters  with  one  electron  below  the
Fermi level, forming another electron–hole pair. Hence, a
total  of  three  second-generation  electron–hole  pairs  will
appear when both the first-generation electron and hole
scatter  once.  Each second-generation  carrier  has  energy

 and .  Likewise,  each  of  the  second-
generation  carriers  can  excite  three  third-generation
carriers each with energy  and . Without
extraction,  the  whole  process  will  continue  until  the
average  energy  of  the X-th  generation  carriers

 is  approaching  (  is  the
lattice temperature).

 2.4.2   Temperature of equilibrium electrons

uPThe  energy  density  of  the  surface  plasmon  per  unit
volume under unit time can be obtained from:

uP = F 2IIN/v = F 2IINn/c, (2.1)

IIN v

v = c
n

n

F

where  is  the  incident  power  density,  is  the  phase
velocity of  light  ( , c is  the speed of  light  and  is
the refract index),  is the electric filed enhancement of
the surface plasmon relative to the incident electric field.
Assuming  the  energy  is  stored  in  the  electron  gas,  the
increase of  the average temperature is  defined as below
[75]:

T e − TL ∼ γnradτel

Cel
uP =

γnradτel

Cel
F 2IINn/c. (2.2)

 
Fig. 14  Schematic  of  relaxation  process  of  plasmonic  hot
electrons inside metallic nanospheres.
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γnrad CelHere,  is  the  total  non-radiative  rate  and  is  the
heat capacity of electrons [88, 89]:

Cel =
π2

2

kB
2T

EF
Ne ≈ 0.025kBNe ≈ 0.018 J/(K·cm3),

(2.3)

EF = 5.56 Ne ∼ 60where  eV  is  Fermi  energy  of  Au  and 
nm–3 is the free electrons density of Au.

γnrad ∼ γLD = 0.75vFd

vF

τel γnradτel

For  metal  nanospheres,  (d is  the
size and  is the Fermi velocity) [75]. For an example of
10 nm silver nanospheres with  of 10 ps,  can be
calculated to be ~ 103 s–1. By subsitituting Eq. (2.3) into
Eq. (2.2), we can obtain:

T e − TL ∼ 2 × 10−6F 2IIN. (2.4)

F 2 = 103 IIN = 100Even  if  and  W/cm2 (comparable  to
1000 sun), the rise of the average electron temperature is
only  0.2  K.  Of  course,  the  temperature  of  initial  hot
electrons should be much higher.

 2.5   Injection of hot electrons to semiconductors

Ee φSB

Ee > φSB

Ee < φSB

φSB

Figure 16 displays a diagram of the Schottky conjunction
at the interface of the metal and an n-type semiconduc-
tor.  With  energy  more  than  Schottky  barrier 
( ),  hot  electrons  can  overcome  the  barrier  and
tranfer  to  unoccupied  conduction  band  energy  levels  of
the  semiconductor  [90].  When ,  they  will
rebound.  For  p-type  semiconductors,  holes  in  place  of
electrons  will  be  emitted  from  metallic  nanostructures.
However,  the  requirement  of  energy  over  as  an
essential basis does not mean the certain injection of hot
electrons to semiconductors,  but it  also depends on the
transport efficiency and the extraction efficiency.

 2.5.1   Probability of hot-electron generation

z

E

The probability of one electron at the depth  from the
interface which are excited to energy  above the Fermi
level by one photon can be defined as [91]

Pex (E, z) = Pe (E) · ηabs (z) , (2.5)

Pe (E)

E ηabs (z)

z

where  is  the  normalized  distribution  function  for
electrons  excited to  energy  and  represents  the
ratio  of  the  number  of  photons  absorbed  per  unit
volume at the depth  to the number of photons incident
per unit area of the irradiated interface.

EP

φSB Pex (E, z)

E

EP

As mentioned above,  there is  no apparent distinction
between hot electrons excited by the SP and one photon.
Therefore, Eq. (2.5) is fully applicable for the plasmonic
hot-electron excitation. We built a calculation model for
the number of hot electrons injecting to the semiconductor
where the SP ( )  is  absorbed by the metal  within the
corresponding penetration depth z to excite hot electrons
beyond the  [37]. Among this model,  represents
the probability that one electron at the depth z from the
interface is excited to energy  above the Fermi level by
the single SP ( ).

Pe (E)

Irrespective  of  the  thermal  kinetic  energy  (T =  0),
 can be obtained by [92]

Pe (E) =

{
3

2E
3
2

F

(E + EF − EP)
1
2 , 0 ≤ E ≤ EP,

0, Other,
(2.6)

EF

ηabs, P (z)

where  is the Fermi level of the metal. Considering the
interface consisting of a thick dieletric and a thick metal,
the p-polarized  is given by [93]

ηabs, P (z) = (1− |rp|2) · αp · exp(−αp · z). (2.7)

rp

αp

ξp

In  Eq.  (2.7),  is  the  p-polarised  amplitude  reflectance
of the SP which should be zero due to full non-radiative
decay of the SP to hot-electron excitation and  is the
p-polarised absorption coefficient of the metal, depending
on the imaginary part of :

 
Fig. 15  Schematic  of  generation  of  non-equilibrium  hot
carriers  in  the  metal. (a) Illuminating  a  periodic  metallic
grating. (b) Step-wise excitation and decay of plasmon reso-
nances to generate hot electrons.

 

φSB

Fig. 16  Left: Excitation of hot electrons in the metal from
occupied energy levels (grey shade) resided below the Fermi
level  (EF,M)  to  unoccupied  levels  beyond EF,M.  Right:  The
band  diagram  of  the  Schottky  junction  between  the  metal
and  the  n-type  semiconductor.  Only  hot  electrons  with
energy over the schottky barrier  can have access to injection
to the semiconductor.
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αp = 2Im
(

ξp

)
, (2.8)

where ξp is the wavevector propagating in the metal:

ξp =
2π
λP

√
εm. (2.9)

εm λP

ηabs, P (z)

Here,  is the relative permittivity of the metal and 
is  the  SP  wavelength.  According  to  Eqs.  (2.7)–(2.9),

 becomes

ηabs, P (z) =
4π
λP

Im
(√

εm
)
· exp(−2Im

(
2π
λP

√
εm

)
· z).

(2.10)

Fpump nFor the pump fluence , the density of the SP ( ) on
the metal resonator can be gained by

n =
Fpump

e
·A · Γ, (2.11)

e A

Γ∣∣∣ E
E0

∣∣∣2
where  is  the  electron  charge,  is  the  optical
absorbance  of  the  plasmonic  resonator  and  is  the
enhancement of the electric-field intensity ( ).

Fpump

Ppump

E (0 ≤ E ≤ EP)

Consequently, under the pump fluence , the prob-
ability  ( )  of  one  electron  at  the  depth z from  the
interface  excited  to  energy  above  the
Fermi level can be obtained by the combination of Eqs.
(2.5), (2.6), (2.10) and (2.11):

Ppump (E, z) =n · Pex (E, z)

=6π
Fpump

λPe
·A · Γ · (E + EF + EP)

1
2

E
3
2

F

· Im (
√
εm) · exp

(
−2Im

(
2π
λP

√
εm

)
· z

)
.

(2.12)

 2.5.2   Transport efficiency

ηtrans

ηext ηtrans

ηtrans =
NS

N0
Ns

N0

ηtrans z

The injection efficiency of hot elections into semiconductors
is divided into two factors: the transport efficiency 
and the  extraction efficiency  [75].  is  defined as

 where  is the number of hot electrons reaching
the  surface  of  the  metal  and  is  the  number  of  hot
electrons  excited  in  the  metal.  We  assume  that  the
initial movement direction of all hot electrons is perpen-
dicular  to  the  interface.  Therefore,  at  the  depth 
can be obtained by [92]

ηtrans (E, z) =
1

2
exp

(
− z

Lmfp,e (E)

)
, (2.13)

Lmfp,e (E)
1
2

Lmfp,e (E)

where  is  the  inelastic  mean  free  path  of  the
electrons  in  the  metal  and the  coefficient  means  that
half  of  hot  electrons  move  opposite  to  the  interface.

 is defined as [94]

Lmfp,e (E) ∼ 4(1 +Rs)
(E + EF)EF

E2
. (2.14)

Rs = 3.02 a.u.Here,  for silver and gold.

 2.5.3   Extraction efficiency

ηext

φSB ηext =
Ninj

Ns

Ninj

E

km

The  extraction  efficiency  represents  the  probability
of hot electrons across the Schottky barrier  (
where  is the number of hot electrons injecting to the
semiconductor).  For  a  hot  electron  with  energy 
beyond the Fermi level  in  the metal,  its  wavevector 
can be gained by

km =

√
2mmE

ℏ
. (2.15)

mm

φSB ks

 is  the  effective  mass  of  electrons  in  the  metal.
Through the Schottky barrier ,  the wavevector  in
the semiconductor becomes

ks =

√
2ms(E − φSB)

ℏ
. (2.16)

ms

θm

Here,  is the effective mass of the electron in the semi-
conductor.  The  direction  perpendicular  to  the  interface
is defined as the x axis as shown in Fig. 17. For hot electrons
with angle  in the metal therefore, their x-components
are as below:

km,x = km · cos θm, (2.17)

ks,x = ks · cos θs. (2.18)

θm θsHere,  and  are angles of the normal of the interface
with the wavevector direction of the hot electron in the
metal and the semiconductor respectively. To overcome
the  Schottky  barrier,  the x-component  in  the  metal
should satisfy

km,x >

√
2mmφSB

ℏ
. (2.19)

According  to  Eqs.  (2.15),  (2.17)  and  (2.19),  we  can
know:

θm < arccos
√

φSB

E
. (2.20)

For the smooth interface, the lateral (in plane) wavevector
across the Schottky barrier is continuous,

km,// = km · sinθm = ks · sinθs = ks,//. (2.21)

θs θmAs  = 90°,  also needs to be smaller than the critical
angle, we can get the other relation:

θm < arcsin
√

(E − φSB)ms

E·mm
. (2.22)

ηextTherefore,  the  extraction efficiency  can be  obtained
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by the ratio of solid angles in spherical coordinates [95]:

ηext (E) =

∫ 2π

0

∫ Ω

0
sinθdθdφ
4π

=
1

2
(1− cosΩ), (2.23)

ms = mm

ms < mm

E

where Ω is the smallest angle calculated from Eqs. (2.20)
and (2.22).  If ,  the angle of  Eq. (2.20) and Eq.
(2.22)  should  be  same  since  their  quadratic  sum  is  1.
Usually ,  the  result  of  Eq.  (2.22)  is  always
smaller than that of Eq. (2.20) for the same .

For the non-smooth interface, the extraction efficiency
only depends on the interface backscattering independent
of injection angles of hot electrons, decided by densities
of states in the metal and semiconductor [75].

ne

Fpump

As  a  consequence,  the  density  of  hot  electrons
injecting  to  QDs  under  the  pump  fluence  can  be
estimated by

ne =
∫∫

Ppump (E, z) · ηtrans (E, z) · ηext (E) dEdz. (2.24)

E

0−EP z

δm

Here,  the  integration  range  of  energy  should  be
 and the depth  should be from 0 to the penetration

depth  [37]:

δm =
1

k

∣∣∣∣∣Re (εm) + εs

Re (εm)
2

∣∣∣∣∣
1
2

. (2.25)

 2.6   Applications of plasmonic hot electron

Plasmonic hot-electron injection has a broad application
prospect.  Subsequently,  its  important  applications  in
photovoltaics and photodetection are described.

 2.6.1   Photovoltaic cells

Photovoltaic  cells  can  be  composed  of  the  circuit  of
metal  and  semiconductor  as  shown  in Fig.  18.  Under
illumination,  plasmonic  hot  electrons  or  holes  in  metal
are continusly extracted across the Schottky junction to
the semiconductor. Meanwhile, plasmonic metallic struc-

tures can be beneficial for light absorption due to scattering
and trapping [96, 97]. It should be noted that the LSPRs
of  both  silver  and  gold  nanoparticles  is  in  visible  and
infra-red spectral so that they are widely used in photo-
voltaic  cells  [98].  Generally,  photocurrent  generation
based  on  hot  electrons  is  successively  divided  into  four
key  steps.  Firstly,  the  metallic  nanosturcture  absorbs
photons and hot electrons or holes are excited. Secondly,
these  hot  electrons  or  holes  in  metal  transport  to  the
interface. Thirdly, hot electrons or holes pass the Schottky
junction. Forthly, the semiconductor collects hot electrons
or  holes.  It  can  be  assumed  that  all  hot  electorns  or
holes  in  interface  are  able  to  reach  the  semiconductor
across the Schottky junction since these emitted carriers
are  also  majority  carriers  in  semiconductors  leading  in
less  recombination.  Therefore,  the  forth  step  does  not
influence the photocurrent significanty. The approximation
formula of current density response is [85]

J̇ = J̇sc −A∗T 2e−
φSB

kT

(
e

V
kT − 1

)
. (2.26)

J̇sc V

J̇sc

Here,  is  the  short  circuit  photocurrent  density,  is
the  voltage  over  the  cell  and  the  right  term  is  the
reverse  current  density  resulted  by  thermionic  emission
in  Schottky  junction  introduced  above.  can  be
expressed as

J̇sc = q
∫
φ (λ) ηabsηi (λ) dλ. (2.27)

q φ (λ)

ηabs

ηi

Among  this  equation,  is  electron  charge,  is  the
incident  photon flux,  is  the  light  absorption rate  of
the  metal  and  is  the  electron  emission  efficiency
including  both  passing  via  the  metal  and  transfering
over the Schottky junction.  When a photon illuminates
the  metal  surface  without  plasmonics,  electrons  will
absorb it and be directly excited to an allowed state in
the conduction band. However, for a flat metallic surface,
the  incident  light  will  be  mostly  reflected  causing  low
light  absorption.  If  the  metal  surface  is  processed  into
the appropriate structure to excite SPs, light absorption
can  be  significantly  enhanced.  Meanwhile,  the  plasmon

 
Fig. 17  Schematic  of  hot-electron  injection  from metal  to
semiconductor across the interface.

 
Fig. 18  Diagram of photovoltaic cells  based on current of
hot electrons.
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will experience fast rediative dacay to emit a photon or
nonrediative  dacay  to  generate  an  electron–hole  pair
resulting in hot electrons.

 2.6.2   Photodetection

Plasmonic resonators can absorb light to excite hot elec-
trons, which can result in a photocurrent. In contrast to
traditional photodetectors, plasmonic photodetectors can
produce a detectable photocurrent when photon energies
are  above  the  Schottky  barrier  height  but  below  the
band gap of the semiconductor [99]. Hence, an appropriate
selection of the semiconductor and the metal can realize
the  detection  range  beyond  that  determined  solely  by
the  band  gap  of  the  semiconductor. Figure  19 shows  a
type  of  plasmonic  photodetector  based  on  rectangular
gold  nanorods  developed  by  Knight et  al.  [100],  which
has  a  Schottky  conjunction  formed  on  the  interface  of
the Ti adhesion layer and the Si substrate with a barrier
of 0.5 eV. An electrical circuit is built via the connection
between  the  indium  tin  oxide  (ITO)  electrode  and  the
silicon,  where  the  insulator  SiO2 film  blocks  their
contacts.  Ultimately,  experiments  prove  that  a  limiting
wavelength of 2.5 μm can be detected.

 3   Schottky conjunction

To  harvest  plasmonic  hot  electrons  from  the  metal
surface once SPPs or LSPRs have been excited, a Schottky
conjunction formed on the contact of the metal with an
adjacent  semiconductor  is  required.  In  this  section,  the
physics  of  Schottky  conjunctions  is  introduced  such  as
the  formation  mechanics,  the  barrier  height  and  the
current–voltage relationship.

 3.1   Schottky barrier

When  a  metal  contacts  an  n-type  semiconductor  with
the  Femi  level  higher  than  that  of  metal,  electrons  in
the n-type semiconductor will transfer to the metal until
the Femi level of  both sides  aligns at  equilibrium [101].
As shown in Fig. 20, with increasing number of electrons
entering  the  metal  side,  positive  charges  will  gradually
dominate in an interface area of the semiconductor’s side

called  the  depletion  layer  [101].  When  the  depletion
layer is formed, there exists an electric field Et produced
by the opposite charges on two sides, leading in a potential
barrier  in  the  conjunction  called  “Schottky  barrier”
[101].

ϕm

ϕBN

ϕm

χs

The work function  of metals is equal to the energy
difference between the Femi level to the vacuum level. It
stands for the minimum kinetic energy for an electron to
escape from the metal into air at T = 0 K [69]. In case
of  ideal  metal/n-type  semiconductor  Schottky  junction
shown in Figs. 21(a, b), the barrier  is decided by the
difference  between  work  function  of  the  metal  and
the  electron  affinity  (valence  band  bottom)  of  the
semiconductor [102]:

ϕBN = ϕm − χs. (3.1)

ϕm χs

ϕBP

If  is  less  than  as  shown  in Figs.  21(c,  d),  the
metal/semiconductor  contact  will  become  an  ohmic
contact and there will be no barrier for transit of carriers
[103].  Similarly,  the  Schottky  barrier  of  the  ideal
Metal/p-type  semiconductor  Schottky  contact  can  be
written as [102]

ϕBP =
Eg

q
− (ϕm − χs) =

Eg

q
− ϕBN. (3.2)

 
Fig. 19  Diagram of a photodetector based on photocurrent
of hot electrons.

 
Fig. 20  Charge distribution at the metal/n-semiconductor
contact at the completion of the depletion layer.

 

ϕm > χs

ϕm < χs

Fig. 21  Energy  band  diagrams  of  a  contact  between  the
metal and the semiconductor: with  (a) before contact
and (b) in contact; with  (c) before contact and (d)
in contact.
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EgHere,  is band gap and q is electronic charge.
VDThe  contact  potential  in  a  Schottky  junction  is

defined as the differential of work function:

VD = ϕm − ϕs. (3.3)

VaWhen a bias voltage  is provided to the Schottky junc-
tion, its energy band change is shown in Fig. 22 [102].

 3.2   Current in Schottky conjunction

Jms

ϕBN

Jsm

VD Jms

ϕBN Jsm

VD − V a Jms

Jsm

VD + V a

It should be noted that only the majority carrier of the
semiconductor  can  contribute  to  the  current  flow  in  a
Schottky conjunction, which is totally different from PN
conjunctions  whose  minority  carrier  also  drifts  to  the
other  side  [104].  For  a  Schottky  conjunction  without
bias, current from metal to n-type semiconductor  is
decided  by  barrier  height  and  current  from  the
opposite  direction  is  controlled by contact potential

.  For  the  case  of  forward  bias,  will  not  change
because  is  constant,  however,  will  obviously
increase since the barrier in semiconductor side decreases
to .  If  under  reverse  bias,  still  keeps
unchanged  but  will  reduce  due  to  increased  barrier

.

Va

Figure  23 reveals  various  transport  approaches  of
carriers  in  Schottky  conjunction  under  forward  bias ,
including the thermionic emission (path a), the thermally
enhanced field emission (path b), the multi-step tunneling
(path c), the field emission (path d), the trapping states
and subsequent emission (path e), the interface recombi-
nation (path f) and the drift of minority carriers (path g)
[104].

Thermionic  emission  is  a  classical  process  without
tunneling where majority carriers can inject to unoccupied
levels  in  metal  without  any  change  of  energy  [102].  To
pass the barrier, carriers’ minimum kinetic energy must
be equal or larger than it. The formula of its net current
density JOB for electrons over the barrier is defined as

JOB = −A∗T 2e−
qϕB
kBT

(
e
qVa

kBT − 1

)
. (3.4)

ϕB A∗

4πm∗
nqk

2
B/h

3 m∗
n

A∗

Here,  barrier’ height  is  and  is  the  effective
Richardson constant equal to ,  is electrons’
effective mass and T is temperature. The minus symbol
before  is  chosen  since  the  current  flowing  to  left  is
regarded  as  positive  direction.  It  is  also  convenient  to
define:

J0 = −A∗T 2e−
qϕB
kBT , (3.5)

J0where  is  saturation  current  density  from  metal  to
semiconductor.

Thermally enhanced field emission is a direct tunneling
process  where  electrons  transfer  from  allowed  states  in
semiconductors to allowed states in metal.  It  is  slightly
different  from  the  field  emission  (path  d)  which  is  a
tunneling process without thermal assist. Generally, this
path may be dominant only under high-doping or high-
temperature conditions.

Multistep  tunneling  is  an  indirect  tunneling  process
from one  defect  to  another  defect  in  the  barrier  region
which  can  interacts  with  phonons  happening  in  doping
levels  and  barrier  thickness.  Field  emission  is  a  direct
tunneling  where  majority  carriers  in  bottom  of  band
cross  the  barrier  in  the  semiconductor  side.  In  this
process,  electrons  in  the  conduction  band  located  in
interface (x = 0) are initially trapped in a local state in
or near interface and then emit to the metal. Its probability
is  decided  by  the  population  of  majority  carriers  in  all
states  involved  during  this  process.  When  electrons  are
trapped in local states in interface, the interface recom-
bination  can  occur.  Since  electrons  as  majority  carriers
transfer to the metal sides, holes as minority carriers will
also  be  generated in  valance  band in  metal  side.  These
minority carriers in metal side can move to the semicon-
ductor side by diffusion and drift.

 4   Conclusion

In conclusion, we reviewed the latest description for the
excitation of  surface plasmons (SPs) and plasmonic hot

 
VaFig. 22  Illustration of energy band in Schottky junction under (a) no bias, (b) forward bias and (c) reserve bias .

 
Fig. 23  Illumination  of  interface  transport  mechanism  in
forward-biased Schottky conjunction (n-type semiconductor).
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Fpump

electrons. Briefly, free electrons distributed on the metal
surface are driven to collective oscillation by the incident
light,  leading  to  an  electromagnetic  wave  in  the
subwavelength called the SP. In terms of the propagating
property, SPs are divided into two types: Surface Plasmon
Polaritons (SPPs) and Localized Surface Plasmon Reso-
nances  (LSPRs).  Different  from  SPPs,  the  momentum
conservation  rule  is  not  required  for  LSPRs  due  to  the
broken  symmetric  structure.  Firstly,  the  SP  non-radia-
tively decays to one plasmonic hot electron. It should be
noted that there is no distinction between plasmonic hot
electrons and hot electrons excited by the absorption of
photons. Then, the plasmonic hot electron rapidly redis-
tributes  its  energy  to  other  electrons  via  the  multiple
scattering between electrons. Finally, all energy is trans-
ferred  to  the  lattice  by  the  multiple  electron-phonon
scttering. However before dissipation to the heat, plasmonic
hot  electrons  whose  energy  is  beyond  the  Schottky
barrier  can  inject  to  the  conduction  band  of  the  semi-
conductor through the Schottky conjunction, contributing
to  the  device  photocurrent  or  producing  the  electron
doping.  Furthermore,  we  presented  a  calculation  model
of  the  density  of  plasmonic  hot  electrons  excited  under
the pump fluence . Therefore, plasmonic resonators
are  expected  to  be  integrated  in  a  wide  range  of  opto-
electronic devices, such as photovoltaic cells, to effectively
improve their performance.
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