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Hot carriers generated by plasmons: where are they are generated
and where do they go from there?

Jacob B Khurgin
Johns Hopkins University

Baltimore MD 21218 USA

A physically transparent unified theory of optically and plasmon-induced hot carrier generation in metals
is developed with all the relevant mechanisms included. Analytical expressions that estimate the carrier
generation rates, their locations, energies and directions of motion are obtained. Among four
mechanisms considered: interband absorption, phonon and defect assisted absorption, electron-electron
scattering assisted absorption, and surface —collision assisted absorption (Landau damping), it is the last
one that generates hot carriers which are most useful for practical applications in photo detection and
photo catalysis.

Introduction

Current developments in plasmonics [1-3] have caused renewed interest in the issue of absorption in
metals. The fact that metal absorption is an important limiting factor in every imaginable application of
plasmonics is universally known[4], and, in the absence of efficient means of reducing the loss, the
emphasis has been shifting towards such applications where absorption in metal is not the main factor
(typically sensors [5]). More recently the attention has been drawn to the altogether different class of
applications, where the absorption is a positive, rather than deleterious, factor — such as plasmonic
Schottky photo-detectors[6-8] and light harvesting[9, 10]. In these applications the incoming photons
excite surface plasmons, either propagating or localized, and the rapid decay of plasmons causes
excitation of hot carriers which, once they reach the metal surface, can produce a photo-current in
photodetectors [6-8], or initiate a chemical reaction in photo catalysis[11]. In order to understand the
operation and evaluate the performance of these plasmon-assisted schemes, it is important to know not
only the rate with which plasmons decay but the distribution of energies and momentum of the hot
carriers excited in the process.
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Semiconductor

Fig. 1 Hot carrier Schottky barrier metal semiconductor photodetector (a) spatial picture (b) energy band
diagram

As a general example consider a plasmonic Schottky detector [6-8] shown in Fig. 1. In this detector decay
of a surface plasmon with energy i@ creates a hot electron above the Fermi level with kinetic energy

E; and a hole with energy E,, . If the electron has energy above the Schottky barrier @ it has a chance

to be injected into the semiconductor and contribute to photo-current. For that the electron needs to
travel an unimpeded distance L to the interface, and, more significantly it should have a sufficiently small
in-plane component of its momentum so it can enter the semiconductor rather than being reflected in
manner similar to total internal reflection in optics. This fact has to do with the enormous momentum
mismatch between the metal where the carriers have high kinetic energy commensurate with Fermi

energy E.,i.e.5-6 eVin AuorAg, and the semiconductor where the kinetic energy of carriers is only
E. —®; ., oratbest 1eV. To avoid total reflection, the electrons must propagate inside a cone subtended

by an “acceptance angle” [12]

ﬂ EE _(Db

®, =sin™
m, E;

(1)

where M, and M, are the effective masses in the semiconductor and metal respectively and is typically

on the scale of 10-20 degrees leading to injection efficiencies often less than 1% for carriers propagating
omnidirectionally. For this reason, it is important to investigate the energies as well as the spatial and
angular distributions of hot carriers engendered by the decay of surface plasmons.

While there has been a significant amount of work performed in this respect recently [13-18], no clear
consensus has been achieved and no unified picture of the process has been presented. Four different
mechanisms of plasmon decay have been identified — interband absorption, phonon (or defect) assisted
absorption, electron-electron scattering assisted absorption, and interband absorption, and each one has
been treated using a different formalism, ranging from simple phenomenological treatment to a full
guantum one. Some of the processes, such as electron-electron scattering assisted absorption have been
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totally neglected, which, as we show below is not justified in the visible and even IR range. On the other
hand, interband absorption was considered as a promising source of hot carriers, while in reality most of
the energy in this process goes to the holes residing in the d-band and having very low velocity, which
prevents them from reaching the interface and performing any useful function. Furthermore, while most
of the studies have been focused on the energy distribution of the hot carriers, little attention [15]has
been given to their angular and spatial distributions, which as we have just explained are of paramount
importance to hot-carrier enabled devices. Most and foremost, practically all of the current work has been
performed numerically, which may be a convenient method but it does not reveal the intricate physics of
hot carrier generation.

In this work we develop a simple analytical model of hot carrier generation based on Fermi golden rule,
which allows us to ascertain energy, spatial and angular distribution of hot carriers generated by different
absorption mechanisms. It allows us to make estimates of the efficiency of injection of the photo-
generated carriers and to suggest ways toward its improvement.

Background: Drude theory of free carrier absorption

Currently in order to estimate the FCA in metal one uses standard expressions for the AC conductivity
using Drude formulae for the dielectric constant of metal

Ne?

1 2
(@ + jo7) @

e(w)=¢, -

where ¢_ is the relative permittivity due to bound carriers (inter-band transitions), m is the effective

mass and the scattering rate ¥ is usually introduced phenomenologically. The power dissipation rate is

then
du E? Ne?y E? o, E?
g = e M) ==y = G
Note here — the total energy density in the metal is
1 oe) 1 1 1 1
U==¢gRe|o— |[+=pH’==g,6, E* += pH* + =5, —2 E?, 4
4 0 ( aa)j 4luO 4 0¢w 4/10 4 Oa)z ( )

where the last term is the density of kinetic energy of carriers, so the power dissipation is

du

—=-2yU,, (5)
dt

which of course makes a perfect sense since the energy gets lost only when the carriers are in motion.

The scattering rate is usually written as a sum of different scattering processes, namely scattering on

phonons, on various lattice imperfections, and due to electron-electron interaction. However, it remains
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guestionable how one can apply a theory developed for low frequencies, typically for the radio-
frequencies all the way to visible light and even UV. At low frequencies all the processes take place in the
vicinity of the Fermi surface, so one need know only the material properties near the Fermi surface, while
at higher frequencies almost all of the Brillouin zone starts playing a role. This fact leads to interesting
observations —some materials that are good low loss conductors in the RF region, such as Cu may suffer
from higher losses in optical region than say Al, which is not such a great conductor. Clearly, scattering
rate yis a strong function of frequency and in this work we establish this dependence and with it we re-

derive Drude formula for the frequency dependence of dielectric constant.

Is there a difference between absorption of a photon and a plasmon?

Before proceeding it is important to establish once and for all what is the difference between the
processes of hot carrier generation as a result of photon or plasmon decay. To understand it, it is
important to realize that what is normally referred to as a “plasmon” is in reality a (surface) plasmon
polariton, or SPP, i.e. a coupled mode (or a quasiparticle) in which energy is split between the energy of

electro-magnetic field %80E2+%,UOH 2 andthe matter. In the metal, at frequencies significantly less than

the plasma frequency, the energy of the matter is mostly the kinetic energy of the collective motion of

free carriers%g0 (0)5 / a)z) E? , and also a contribution from the potential energy of the collective motion

of bound carriers%é‘o (e, —ZI.)E2 . In the dielectrics what is normally referred as a “photon” is in fact also

a polariton and the energy is split between the energy of the electro-magnetic field and the energy of the
bound carriers. The only difference between the plasmon and photon in dielectric is the fact that, in the
plasmon, a significant part of the energy is contained as the kinetic energy of free carriers, while in the
photon, dielectric energy is contained in the potential energy of bound carriers and in the magnetic field
[19]. The distribution of energies is shown in Fig.2. The interaction between the polariton and the single
electron-hole pair excitations in metal or dielectric is still characterized by the same Hamiltonian er-E
(or ep- A/ min the momentum gauge) i.e. only the electric field of polariton interact with the matter.
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Fig.2 Energy breakdown in the (a) photon polariton in dielectric and (b) plasmon polariton in metal. The only
difference is in relative contributions of magnetic and kinetic energies, and only the electric field determines the
interaction between polariton and the single particle excitations in the matter.

When it comes to a comparison between absorption of localized SPPs and the incoming photons in metal,
once again there is no physical difference between the two processes — in fact if a localized SPP can be
considered a bound state, the photon propagating in the vicinity of metal can be considered as simply an
un-bound state. Of course, the actual loss will depend on the electric field distribution in the states, and
the absorption will differ as a result, but the difference is quantitative and not qualitative. However,
different absorption mechanisms will dominate in the bulk of the metal and near its surface and their
relative strength will affect the properties of phot generated hot carriers, whether they are generated by
SPPs or by incoming photons penetrating the metal. In subsequent sections we consider these
mechanisms one by one.

Free carrier absorption arising from phonon and defect scattering

This is the most ubiquitous mechanism responsible for intra-band free carrier absorption, and can be
understood phenomenologically as simple friction accompanying the motion of free carriers in the
electro-magnetic field. For this reason, it is often referred to as “classical”[18] or “resistive”[16] and
somehow not leading to hot carrier generation. This is strictly speaking not correct as, of course, hot
carriers are generated in this process that can be perfectly well described using quantum mechanical
formalism as shown below.

Fig.3 Two processes involved in phonon-assisted absorption in metal: (a) Phonon scattering in to the virtual state is
followed by photon (SPP) absorption into the real state k2 (b) Photon (SPP) absorption into virtual state is followed
by scattering into the real state k
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Consider a simple parabolic conduction band of a metal shown in Fig.3. When the photon (SPP) with
energy ho>> kBT is inside the metal, the momentum conservation rule does not allow a direct
absorption of it. The momentum mismatch can be provided by either phonon or impurity (imperfection).

Here we consider a phonon with energy ha)p << hw and wavevector ( that provides momentum
matching between the initial state of the electron with energy and momentum (E, K;) and the final state

(E,=E,+hw,k, =k £0). The £ sign corresponds to phonon emission and absorption respectively.

Imperfections can be treated essentially as superposition of phonons with vanishingly low frequency and
different wavevectors. The interaction between the electromagnetic field and the electron is described

by the Hamiltonian H, =eA-vwhere A=E/® is the vector potential and V =7k /m (assuming

parabolic band) is the electron velocity. The electron-phonon interaction is described by the Hamiltonian

2ho,(n, +1/2+1/2)
H,=D > (6)
PV

S

where Dis a deformation potential, pis the density, Vis the sound velocity, and np(T)is the

temperature-dependent number of phonons with a given frequency. The phonons involved typically have
wavevector g on the order of the Fermi wavevector. Hence their frequency is on the order of the Debye

frequency of a few THz, and we can introduce the average parameter <np>which describes both
absorption and emission.

What is important to consider is that the process of phonon assisted absorption can occur in two
alternative sequences, or pathways. In the first pathway shown in Fig.3.a, at first an electron scatters from

K, to a virtual state (El, kz)with the help of a phonon, and the energy is not conserved, with an energy

deficit of (—hw). Following that, the photon gets absorbed and the electron goes into the final state
(Ez, kz). In the second pathway shown in Fig.3.b the electron first absorbs the photon and ends up in
the virtual state (Ez, kl)which now has excess energy (+/w). This is followed by a phonon assisted

transition into the final state ( E,. kz). The amplitudes of both pathways will interfere, hence, according
to Fermi Golden rule, one can write for the absorption rate of photon by an electron in the state state

(El, ki) with spin conservation

2

_2r 1(Hq)(EA'Vz) 1(eA‘V1)(Hq)

= - O(E, —E —hw) =
“ hn&2 he 2 ho (B, ~E~ho)
(7)
27e? 1 E ?
=—h3w4v—8ﬂ3 Hj{?-(vz —vl)} 5(E, - E, —hw)dk,

where we went from the summation to integration in k —space.
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It is important that the change of the velocity of the electron, i.e. its acceleration vector, is parallel to the
electric field as would follow from the classical theory. Next, when we perform integration in polar co-
ordinates we can perform angle averaging of both phonon scattering strength and the direction and

magnitude of V, —V,

<(V2,z —vl,z)2> =V} <(cos 6, —cos 91)2 >9 , ~V? x(<c052 (91>91 +<0032 92>0 )=§V§, @)

where V_ is a Fermi velocity and obtain

276> 1 E? 7 e*E*V?
Ra = V8—7I3?V,§IH§5(E2—E1—ha))dk2 zE—FVH:p

o’ o' )

Ei+ho?

where p¢ ., = (1/8723)]-5(E2 —E, —hw)dKk, is the density of the final states. We can now introduce

the average electron-phonon scattering time as
Te_pl (a)) = <( 2” / h) quVpE1+h(u>Er (10)
and then obtain for the rate of absorption from the given energy level E;

20,2 12

_eVer B 1

= 2 _4 ( )
67 w

Next we calculate the rate of hot carrier generation from all levels, i.e.

dN Ee e’vir(w)E?
= [ Rep(E)dE, ~hoRg p(E,) =F6h"—w3p(EF) (12)
Er-nho
Then the energy relaxation rate is
duU dNe 92V27;1 22 . E?
O e PEIE g B 1)

To make (13) look like (3) we multiply and divide by the square of plasma frequency

du,  ed? o, | E? o] E?
" et P E e T T iy 14
p

where
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e’v?

7/ph 2 p(E )T (15)

36,0,

However, for the spherical band, the AC conductivity can be found by integrating over the Fermi surface
as

1e2v (E) . a)f)

o(w) = =ig,— (16)
@
Therefore, the plasma frequency is
le*vip(E
wf = eVep(Ee) (17)
3 &
and (15) becomes simply
-1
yph (CO) = Tep (0)) (18)

which is of course an intuitive result. But it should be noted that this result is frequency dependent as the

scattering is averaged over the range of energies from the Fermi level up to E. + 7% and thus can be

somewhat different from the scattering rate at the Fermi level that enters the expression for conductivity

at low frequencies. One can make a rough estimate of (10), assuming deformation potential D ~10eV ,

density of states pg_ =~ ; N,/ E. , where electron density is 6x10??cm™®, mass density p ~ 20g /cm®
, speed of sound v, =3.2 x10°m/ s, and the mean phonon energy <ha)p> ~10meV is equal to the
Debye energy. One obtains for gold at room temperature 7 on =6x10"s " Recent calculations [20]

estimate room temperature values of 7, = 3x10%s ™ for silver and Yon = 1x10"s™ for gold.

Next, it is important to estimate the directionality of the photo-excited hot carriers. What we need is to

ascertain the photo-excitation dependence on the angle €, while averaging over the angle &,, or

<(v21Z -V, )2>V <(cos 6, —cos 491)2>9 cos’ @, + 1

R(6,) ~ L~ L= 3:%(3c05292+1) (19)

<(V2’Z —v,, )2>wz <(cos 0, —cos «91)2>91192 2

3

So, the distribution is not uniform and is skewed along the direction of the electric field, which, for many
plasmonic structures is directed normal to the surface. We shall consider the impact of this directionality
later on (Fig.7).

Absorption assisted by electron-electron scattering
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This is the process that is often overlooked in the studies of hot carrier generation in plasmonics. Partially
itis due to the fact that it is a second order process involving two electrons. In the field of photonics, most
closely related to plasmonics, the higher order processes involving multiple photons are indeed often
disregarded since they are quite weak and manifest themselves only at high powers, as is known to
anyone familiar with nonlinear optics [21]. The situation, however, could not be more different in
condensed matter physics where multi-phonon and multi-electron interactions play a key role in many
important phenomena, such asheat transport[22]. The difference between optics and condensed matter
physics is of course in the density of states that is at least 10 orders of magnitude higher in the solid state
than in optics. The large number of states available for scattering makes multi-particle processes
important, and electron-electron scattering-assisted absorption of photons is just one of these processes.
At low frequencies these processes are not important since the phase space available for scattering is
within a narrow layer i@ from the Fermi surface, but at higher photon frequencies this phase space
increases proportionally to 7@, and, since there are two electrons involved in scattering the probability

of this process increases as ®*. This fact has been observed in multiple experiments dating back to
1970’s and 1980’s [23-25], and theoretical calculations [26] performed on the basis Landau’s Fermi liquid
theory [27] have shown that indeed the electron-electron scattering rate at high frequencies can be
evaluated as

Veoo (@) ~ Voo TR0 27K T )’ (20)

where for gold 7., ~ 2x10"s ™" at room temperature [23]. For the energy of 1eV the rate of electron-

electron scattering involved in photon absorption is 3x10s™, while calculations performed more
recently [20] predict somewhat higher rates of 7 x10" s which is commensurate with phonon-assisted

absorption y . .

Arigorous theoretical description of the electron-electron scattering process is quite involved, and should
follow the full treatment of Fermi liquid [28], so in this section we outline the physics of the process and
perform a simplified and physically transparent order-of magnitude estimation of absorption aided by
electron-electron scattering.

There are four different pathways, all shown in Fig.4 that correspond to absorption of a photon 7@ and
simultaneous transition of two electrons (of different spins) from initial state (E;, k;; E,, k;) to the final
state (E,,K,;E,,K,). Since this is elastic scattering the energy is conserved, E, + E; +hio=E, + E,.

The momentum is also conserved, K, +K, —K, —k, = KG, where G is one of the inverse lattice basis

wavevector. Two electrons get scattered by the screened Coulomb potential

e2

H =f _ 21
el R g V(AK? +k2) (21)
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where K, is the screening wavevector that for most metals is close to the Fermi wavevector k. and
AK =k, — Kk, is the momentum transfer between the two electrons. Since Ak < k. ~ K, in order to make

order-of magnitude estimate one can take

eZ

~f S
“ g Vk?

ee,K (22)

When K=0 the process is Normal (N), otherwise it is an Umklapp (U) process [22] and the matrix element

of the \Hamiltonian in (21) is reduced by the overlap integral f, :qu(r)ejKG'rdr where u(r)is the

periodic part of Bloch function and the integral is taken over one unit cell. Obviously f0 =1. Let us now

consider four sequences as in Fig.4 showing that there are four different sequences for absorption
involving two electrons of different spins.

Fig.4 Absorption assisted by electron-electron scattering .Four different pathways resulting in generation of two
electron hole pairs of different spins are shown.

(a) Photon excites the electron on the right and transfers the system into the virtual state (Ez, ki; E3, k3) with an
excess energy ha); then electron-electron scattering moves it into the final state (Ez, kz; E4, k4) .

(b) Photon excites the electron on the left transferring the system into the virtual state (El, k1; E4, k3) with an
excess energy 11 ; then electron-electron scattering moves it into the final state (E,,K,; E,,K,).

(c) Electron-electron scattering transfers the system into the virtual state (El, kz; E3, k4) ; then a photon interacts
with the electron on the right and moves the system into its final state (Ez, kz; E4, k4) .

(d) Electron-electron scattering transfers the system into the virtual state (El, kz; E3, k4) ; then a photon interacts

with the electron on the left and moves the system into its final state (EZ, kz; E4, k4) .

10

Page 10 of 26



Page 11 of 26

Faraday Discussions

The interference of four pathways in Fig.4 results in the following probability for the absorption of phonon
or exciton by the electron in state k;

EA V (HeeK) (eA'VS)(Hee,K)+(Hee,K)(eA'V2)+(Heeyk)(eA-Vzl) ?

—ho ho ho

Serry

><5(k3+k1—k4—k2—KG)&(E1+E3+ha)—E2 ~E,)=

27e" S S HE  [E (Ve vy~ —V, ) [ 5(K, + Ky —K, —k, — KG)S(E, + E, + hw—E, ~ E,)

3 4
o ks ki kg

(23)

We now see that the parabolic band N-process with K=0 results in no absorption as the sum of velocities
is equal to zero. That is precisely the classical result that follows from momentum conservation — the
elastic electron scattering conserves the total momentum of electrons and since velocity is proportional
to momentum the total velocity and current are conserved indicating zero resistance and hence zero
energy dissipation. Therefore, one should only consider U processes, realistically only with the order K=1
so that one of the generated hot carriers (k;) ends up in the adjacent Brillouin zone as shown in Fig.5a.
Obviously velocity is no longer conserved and the energy gets dissipated. Of course, another possibility is
that the second electron k4 ends up in the adjacent Brillouin zone.

(b)

Fig.5 (a) Photon (SPP) absorption with energy /i@ assisted by Umklapp scattering of electrons. As photon (SPP) gets

annihilated the electrons 1K, K, below the Fermi surface get scattered into the states K,, K, above the Fermi

surface with momentum conservation preserved by the lattice vector G . (b) Thermalization of a hot electron. . A

hot electron K, with energy 7@ above Fermi level and a cold electron Kjscatter into the states K,,K, above the

Fermi surface, each with energy less than /i@ . Both normal and Umklapp processes are possible. The similarity
between two processes indicate that the rate e-e scattering assisted absorption is commensurate with the rate of
hot electrons thermalization.

11
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Therefore, the rate of absorption from a particular state k; is obtained by integration over all the possible
initial and final states of the second electron, while the state k4 is determined by the momentum
conservation.

g - 2E(EC) ( 1sj [ ITA (o) £200) + A, () £ (k) [S(E, + E; + ho— E, ~ E)dkydky
1 dr

4.2 2 _ 4
KeegiM @ i

(24)

where €is a unit vector denoting polarization. Of course, integration assumes that the energies of the
initial states 1 and 3 are below Fermi surface while the energies of final states 2 and 4 are above it. Let us

now elaborate on the nature of the coefficients A, (k)and f’(k). The first coefficient

A, (k,) (A, (K,) =1 when the final wavevectork, (K, ) is outside the first Brillouin zone and is equal to

zero otherwise, while the overlap integral
f,(k) = j uy_, (r)e®"u, (r)dr (25)

is essentially the first order Fourier component of the periodic Bloch function U, (I') which for nearly free

electrons in the noble metals obviously becomes large only in the vicinity of the Brillouin zone boundary;
hence the whole term in the square bracket is substantial when one of the final wavevectors exceeds the
Brillouin zone boundary by a relatively small value.

Next, following example (10) we shall introduce the effective electron-electron Umklapp scattering rate
as

27et

Toou (@ )_W( )!!['Ab(kz)f12(kz)+'%(k4)f12(k4)]5(E1+E3+ha)—E2—E4)dk2dk3z

~F, (ha))xz-e_e (o),
(26)

where

X )— 27’ ( JII§(E +ho]+E, - E, - E,)dk,dk, (27)

21,4
&oKe ks Ky
is the electron-electron relaxation (thermalization) rate of the hot carriers having energy of i@ above
the Fermi level (as shown in Fig. 5b) for which a large amount of experimental data has been accumulated
[29-33], and

o (1) = (A, (k) F20) + A, () F2(K)), (28)

12
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is the relative strength of Umklapp process. It is important to note that, in addition to the scattering of
two different electrons with different spins there is also a contribution from the scattering of two identical
electrons which is smaller due to exchange. This interaction has been considered in [34] and found to be
same order but somewhat less (order of 1/2) than interaction of carriers with different spins. As long as
exchange interactions are factored into the expression (27) for the electron thermalization they will also
be factored in the expression for the photon (plasmon) decay obtained from (24)

2
R, = e’G

——F, (ho)r, (hw)E?, (29)
L 3mle

where the factor (1/3) has been obtained by averaging over the directions of the reciprocal lattice G .
Next following all the steps taken for the phonon-assisted absorption in (12) -(14) we obtain

dU hZeZ 2
dtw =_Hw Elp(E Y —— i p(EL)R, (ho)r,} (ho)E? (30)

Then using (17) we transform this expression into

du h’G? > E2
2 =2——F, (ho ho)s, —
= 2 P () (o), %

(31)

Now the term 2/°G? /mzv,i is commensurate with the ratio of the energy at the boundary of the BZ to

the Fermi energy and is on the order of unity for the metal, hence it can also be incorporated into the

“Umklapp factor” K, (hw) and according to one finally obtains the expression for the effective electron-

electron scattering that can be entered into the Drude formula as
Vee (@) = R, (M), (ho) (32)

Now, the term 7, (ha)) has been studied in numerous theoretical [35-38] and experimental [29-33]

works which all show that for the energies of 1eV above Fermi level it is on the scale of 10** s and here
we should ascertain whether this order of magnitude follows from our theoretical model.

Following Ziman’s derivation of the AC resistivity in [39] we obtain the expression for the integral in (27)
as roughly

7k 1 (ho)
I=||0(E. +hw|+E,—E —E,)dk,dk, = FE | — 33
12[|Z[ ([ F a)] s — B, —E,)dk,dk, 192 EF[EFJ (33)

and then substitute it into (27) to obtain
2 2
kZ( e 1l (7w
o) =2t | 22 (34)
96n \ 4ne, ) E- | Ep

13
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This expression can be simplified by introducing Bohr radius

Are, i’
o =———=053A (35)
e‘m,

to obtain assuming k. ~ a;*

ﬂkzhzkzl ha)z 7rE7sz2

967\ mya, ) E. | E¢ 24 nh \ Eg

. . . 4 E. , .

Using relation between plasma frequency and the Fermi energy, @, ~ —=—— one finally obtains

N

T (@)~ (37)

723 [ha)T
o, —

96 E.

This expression is close to one given by Pines in [28] where the numerical factor equals 7[2\/5/128. For
gold one obtains z-;el ranging from 4.5x10"s™ at 1eV above Fermi level to 1.8x10" s at 2eV above it.

The Umklapp factor F, (7i®) is not as simple to ascertain, but various calculations [34, 39] estimate it to

be on the scale of 30 to 40% from which it follows that the Umklapp electron-electron scattering rate

1

7..(®) reaches 10"™s™ at photon (SPP) energies less than 1eV and becomes the dominant factor in

absorption at energies exceeding 2eV, in agreement with experimental data [23]. Therefore, neglecting
this process is erroneous. Since two electron-hole pairs are excited by absorption of a single photon (SPP)

the average hot carrier energy is only 7iw/ 4

Absorption via Landau damping (a.k.a. surface collision assisted absorption)

Another way that momentum conservation in the transition between two states with different wave
vectors can be restored is simply by using the “recoil” occurring when the electron gets reflected from the
surface and the momentum is transferred between the electron and the wall (i.e. entire metal body).
Phenomenological theory of this process has been first considered by Kreibig and Volmer [40] , where
they simply introduced a “surface collision scattering rate” y, ~v. /a where v¢ is the Fermi velocity and
a is the characteristic dimension of the metallic object. According to this phenomenological treatment the
additional damping is caused by the limited physical dimension of the system and is the result of the
restriction of the mean free path of electrons. Later it was shown that this process is related to Landau
damping of electrons [19, 41-44]. Landau damping[45] is the process of energy transfer between free
electrons and electromagnetic waves occurring when their velocities are matched, for which the electro-
magnetic wave must have larger (by a factor of 100 or so) wavevector than the free space wavevector.
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While no propagating SPP can have such a large wavevector along its direction of propagation, lateral
confinement of field means that large wavevectors are present in the spatial Fourier spectrum of the field.
Here we estimate the rate of hot carrier generation via Landau damping and their properties, namely the
energy, directionality and spatial positions, with some not entirely expected results.

Matrix element of Hamiltonian for the transition between two states separated by energy 7@ can be
estimated using either the A.p or E.r Hamiltonian as
E-r e

HE' =— E(x)e" ™ dx = —
. j2AkL-[ )

e ~
m E(Ak) (38)

i2A
which is essentially a Fourier transform of the electric field shape. Here (since the wavevectors iny and z
directions are the same) Ak = @/V,, and Lis the quantization length. Next let us evaluate the Fourier

transform. First, let us assume that the surface is really sharp and we can represent the electric field,
shown in Fig. 6a as a product

E(x) =H(x)F(x) (39)
of a step function H(X)is whose Fourier transform shown in Fig. 6b is
H (k) = 75 (k) —% (40)

and the shape function F(X)shown in Fig 5a by dashed line whose spatial extent is significantly broader
than 1/ Ak ~ V. cos@/w <1nm . Therefore its spatial spectrum F (k) also shown in Fig 5b is much

narrower than AK

k) (@) (b)
dielectric / \
Fxf metal N\
] \
{ \ ~
P s, H()1/q
Y H().
’I AX \\\
/ \\
4 ~
,/ = \\*~~~
Y 1/Ak ~——
N 0 X 0 q

Fig.6 (a) Electric field E(x) (shaded) at the sharp interface between metal and dielectric (b) Fourier transform of the
field in is a convolution with a step function

The Fourier transform of the field can then be found as a convolution of two Fourier transforms,
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- 1%, = 1. j 7 '
E(Ak):EJ H (q)F (Ak —q)dg zEF(Ak)—ZEﬁI F(q)dg zﬁE(O) (41)

—00

In other words, the result is independent of the exact shape of the mode and depends only on the value
of the field at the surface. Clearly in the absence of a sharp feature in the electric field profile the value

of E(Ak) would be far less and the Landau damping would become insignificant. And so we have

|2 _e’E*(0) _e’E*(O)v;

— = cos* O 42
4AK* 2 4o* 2 42)

[Hy,

As the next step we calculate the absorption rate from a given state with the wavevector k;

Ra =(27/1) HLV Pe o (43)

where p, (E;) = (272'th |COS 49|)_1 L isthe one-dimensional density of the final states, evaluated under

the consideration that neither spin nor direction of propagation change as the transition takes place. For

the change of direction the required wavevector would be 2k|= >> AK and therefore this process can be

neglected. Thus we obtain

1 e’E°(O)V2 | o
klzﬁwkos 0| (44)

Averaging over the directions <|COS3 6’|>9 =1/4 we obtain

_ e’E*(0)v]

Re, = AR’o’L

(45)

The total rate of absorption than requires integration over all the states within i@ from the Fermi level
and volume. Integration over the volume can be split over the integration of the quantization length L
(which may be different for different transverse co-ordinates y and z) and then surface integration overy
and z. What one obtains as a result is the total power transferred from the plasmons (electric field) to the
single electron-hole excitations

du e’vi
[0V =—15 5 P(E,) | EldS (46)

Where the integral on the right hand side is taken over the surface and E, is the component of the

electric field that is normal to the surface. Using (17) we obtain

du 3 o’
j—ddt Vz—E%vF £,E2dS (47)

At the same time, integration of (3) over the volume of the metal yields formally
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v, 1o 2y Vet
v _—Egjy(r)goE(r) dv =2

2
w
w—g j &E(r)%dv (48)

metal
(49)

Therefore, we may introduce the effective Landau damping (or surface collision) rate as
3
Vs =§VF /deff (50)

where the effective surface to volume ratio is

[2EX(r)ds
j &,E(r)?dV

metal

-1

eff —

(51)

A similar expression had been previously obtained in [46, 47]. The whole Landau damping rate can then
be interpreted as simply the inverse of the time that the average electron propagating along the direction
of the electric field takes to reach the surface. For the SPP propagating along the interface plane between

the metal and dielectric one obtains the previously reported result :;CIVF where q is the decay
constant inside the metal, while for the spherical nanoparticle of the diameter a the result is

Ve = %VF [ a which is very close to the very intuitive interpretation giving by Kreibig [40].

Directionality of excited carriers

We can now compare the directions of propagation of the carriers excited by three different mechanisms.
For Landau damping it follows from (44) that the normalized distribution of photogenerated hot carriers

is R(6,) ~|COS3 6’2|/7Z. For phonon and defect assisted absorption according to (19) the angular
distribution of hot carriers is R(492)~(3COS2 6’2+1)/87r. For electron-electron scattering assisted

absorption the distribution of hot carriers is omnidirectional R(6,) ~1/4x . These distributions are

shown in Fig. 7a. The impact of this difference in directionality is shown in Fig.7b where the injection
®a

efficiency 1.E.(®,) = J. R(6,)d8, is shown as a function of the acceptance angle ®, defined in (1). One
0

can see that the injection efficiency of the carriers generated by Landau damping is four times higher than
that of omnidirectional carriers engendered by e-e scattering and twice as high as that carriers generated
with the assistance of phonons and imperfections. This factor of 4 is important as it may be one of the
factors that explicate why the experimentally observed rate of hot carrier photoinjection[48, 49]
sometimes significantly exceeds the rate predicted by a simple approach that does not take into account
the directionality of the hot carriers[50].
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Fig.7 (a) Angular distributions of the hot carriers photoexcited by different processes. (b) Injection efficiency of hot

carriers

Where do the hot carriers get excited?

Previous calculation has shown us that Landau damping originates from the momentum conservation
violation at the abrupt boundary. It is also related to the phenomenon of non-locality [51-54], i.e. the
dependence of the dielectric function of the free electron gas on the wavevector, or spatial dispersion
that can be described by Lindhard’s formula [55]

3 2
260,,2 1__@ Ina)+ka (52)
K°ve 2kve  o—kvp

g(,k)=¢,+

As one can see when |K[>@/v. = Ak Landau damping becomes possible and one can write the

expression for the imaginary part of the dielectric function as

2
& (@K > AK) = 3zt | 2KV :%;;M, (53)

k®v:
This spatial dispersion is shown in Fig. 8

For each value of the wavevector K > AK the spectral power density of the field according to (41)is

EOf

. (54)

Ecf
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Fig.8 Calculating the effective dielectric constant (imaginary part) and damping rate as an overlap of the spatial

spectral power density of the field and the spatial spectrum of the imaginary part of dielectric constant

Only the longitudinal component of the field E”(k): E(k)-k/k gets absorbed; hence, one can then
evaluate the effective dielectric constant ¢, ;(®) as a function of the size and shape of an SPP mode by
evaluating the overlap of with ¢, (w,k) as seenin Fig.8

=22 [ Gof ] [ o (55
Y 2VF k>Ak k>Ak

Now, splitting integration first along the direction of electric field and then in the normal plane and using
Parseval’s theorem we obtain

j EZ(r)dS
V,
" [ E(ryav

metal

3 2 0
b =P IE, O )] | K dkds /2;; [ EM2av =

1 3
2VF k|>ak metal

3,
56
8 (56)

and then it immediately follows from (2) that &, za)sys | @° and therefore ¥, =§VF ldg , ie.

precisely equation (50).

The analysis of Landau damping performed so far allows us to estimate the total rate of absorption, but
by its nature the integral in (56) precludes us from determining where exactly the absorption takes place.
A naive way of thinking would lead us to conclude that since the electron wavefunction is spread out along
the entire metal volume, so is the absorption, which is absurd. In fact the absorption involves excitation
of a wave packet near the interface, because that is where all the free electrons wavefunctions get locked
in phase by the boundary conditions. Since the energies of photo-excited electrons are spread over i@

, their wavevectors are spread over the range AK = @/ V., hence one should expect that the absorption

should be localized within roughly AL ~ 27/ AK from the boundary.
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To find the spatial distribution of the absorption we need to modify the expression for power dissipation
(3) for the case of non-local medium whose dielectric constant is

e(r—r) = % [ 2(k)e Dk (57)

Power dissipation is then

du(r) 1

" _EE(r)Jr(r):%a)E(r)R(r) (58)

where J, is in-phase (real) part of current density and P, = a)'l\]i is the quadrature (imaginary) part of

the polarization which can be expresses as
Pi (r)= gOJ.gi (r- rl)E(rl)drl (59)
or, taking Fourier transform of this convolution integral
P, (K) = 275,¢, (K) E, (K) (60)
Finally taking inverse Fourier transform of (60) and substituting it into (58) we obtain

du(r) 1 - _
W) 1, 0E(r)- [ K)E, (K)e™ dk (61)

dt 2
Before proceeding with an example one should note that the expression for the dielectric constant (52)
does not include the bulk losses y, (@) = 7, (@) + 7, (@) +... caused by scattering on phonons, defects,
other electrons as well as residual inter-band absorption. A simple way to include them is to introduce
the uncertainty of the wavevector commensurate with the inverse of the mean free path, i.e.

1 , . .
ok = Ly, =4y, /3¢ . The reason for inclusion of factor 4/3 will be made clear below.
' i : ' | | ¢ 10nm’
(a) os| (b)
08f i i 1 osh
04} I- /
— o2}
~~ —
< S o
v ra ¥ £
02} H ¥
-04F
: v -0.6 ‘ ‘ = ‘ ‘
3 ) 1 0 1 > 3 -60 -40 -20 0 20 40 60
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Fig.9 (a) Imaginary part of the metal dielectric constant according to Lindhard’s formula (53) — dashed curve and
modified for bulk scattering according to (62) —solid line. (b) Dielectric response of the metal in real space according
to Lindhard’s formula (53) — dashed curve and modified for bulk scattering according to (62) —solid line

A modified imaginary part of dielectric constant incorporating the bulk absorption is then a convolution

7ok

SR I

& (w,k,)dk, (62)
as shown in Fig.9a for the case of y, =10"s™" and w=25x10"s" (A=754nm) so that

Sk / Ak =4y, 3w =0.053 .

included. First of all, for small wavevectors k << AK one recovers precisely the Drude expression for the

As one can see, two obvious changes occur when bulk scattering is

bulk dielectric constant (imaginary part) & (@,0)= a)ﬁyb | @® (That is why a factor of 4/3 has been
included in the uncertainty of momentum.). Second, the sharp step of &(k = +Ak) has been smoothed

by 0K . From the properties of the Fourier transform it follows now that in real space the dielectric

response will decay over the length k™ , i.e. roughly one mean free path. The response in real space is
shown in Fig.9b and it shows rapid oscillations with a period AL = 277 / Ak and decays nearly completely
over L o

14 T T T T T 0.2 T T T T T
e " Ttb) |
10} v |
S ¢
S o a
T 4}
(8]
QL Hi « 1
L
OMAAWWNV\/\MW W/VVWV\AN\/MM 1
2+ ] ]

4 L L L L L 02 . . . . .
-3 2 -1 0 1 2 3 3 2 -1 0 1 2 3

Wavevector in units of Ak Wavevector in units of Ak

Fig.10 (a) Spatial spectrum of the electric field in the 40 nm Au plate (b) Spatial spectrum of the imaginary part of
polarization (in phase current)

Let us now consider a simple example of a thin metal plate of thickness d=40nm that is entirely
penetrated by the electric field normal to its surface which results in the sinc-like spatial spectrum of

E”(k) shown in Fig. 10a. and the spectrum of the imaginary (quadrature) part of polarization (in phase

current) (60) that is shown in Fig. 10b. The peak at k=0 represents bulk absorption and the oscillating
wings at |k |> Ak represent the effect of surface collisions (Landau damping).
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Fig.11 (a) Spatial dependence of energy dissipation rate in the 40nm thick Au plate. (b) Same but with oscillations
smoothed out over each period.

Finally, in Fig.11 we show the rate of energy dissipation (61) where curve (a) clearly exhibits strong
oscillatory response with a period AL =27/ Ak =3nm. These oscillations are due to singularity of the
dielectric constant of metal at K = +AK and are conceptually similar to the Friedel oscillations of the
dielectric response at zero frequency. As expected, the oscillations decay away from the surfaces over
one mean free path of about 12nm. In addition to oscillatory response one can see a constant response
of bulk absorption. The physical meaning of oscillation is simply that electron-hole pairs created at the
positive peaks move into the valleys where the absorption is then negative. But the overall absorption is
obviously positive. In fact, if we average the absorption over a period of oscillation (curve b) while keeping
the integral under the curve constant, one can see that the Landau damping takes place entirely within

AL =27/Ak =V.T

opt This result simply means that all the carriers that can reach the surface within one

optical period Topt can participate in the Landau damping. Also, one can easily observe from Fig. 11 that
the ratio of Landau-damping-caused free carrier absorption to the bulk absorption is about 0.3 which is

of course simply the ratio of y, /y, ~ L /d .

Final observations

In this work | have developed a simple quantum theory of free carrier absorption in metal and determined
the rates of hot carrier generation, their energy, spatial position and angular distribution for different
mechanisms. Here | offer a short summary and an advice which the reader can choose to follow or
disregard.

Phonon and defect assisted absorption occurs throughout the entire volume of the SPP (or photon) mode

in the metal. The rate of damping caused by this process is on the scale of 10** —~10's™ .The energy of
the SPP is on average split evenly between the hole and electron thus each carrier on average has energy
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hwl 2. The hot electrons have their momentum preferentially directed along the electric field but the
directionality is weak (factor of 2). Since only a fraction of hot electrons reaches the surface this process
is moderately useful for such applications as photo detection and photo catalysis.

Electron -Electron scattering assisted absorption should not be overlooked. This process is strongly
dependent on the SPP (photon) energy and in the visible range its rate is comparable to that of phonon-
assisted SPP damping. Since two pairs of carriers are generated, each carrier on average has energy of
only i/ 4 . Furthermore, the carriers are omnidirectional. Therefore, from the applications point of view
this process is deleterious and may cause reduction of efficiency at shorter wavelengths

Interband absorption that arises in visible for gold and in UV for silver has not been considered in this
work, since it is obvious that this process does not generate useful carriers. Most of the SPP (photon)
energy is consumed by promoting the electron from d-shell to the Fermi level — therefore the electron is
generated not far above the Fermi level and typically does not have enough kinetic energy to overcome
the barrier. The hole in d-shell has a very low velocity and cannot reach the surface at all. For these reasons
hot electron devices probably cannot operate with any degree of efficiency at short wavelengths.

Finally, Landau damping (or surface collision assisted absorption) is by far the best mechanism to generate
hot carriers. The average energy of hot carriers is iw/ 2 and their angular distribution is relatively
directional (factor of 4). Most important, the carriers are all generated right at the surface and thus are
capable of being emitted provided they have enough kinetic energy in the forward direction. The rate of
Landau damping surpasses the rate of phonon and defect assisted damping when the mode penetration
(or the entire nanoparticle size) becomes less than mean free path.

Stripped of all the superfluous veneer, the recommendation is than very simple: to achieve the rates of hot
carrier injection that are border-line practical, it would be prudent to use metal structures with dimensions
less than mean free path, so that Landau damping would dominate the absorption process as long as the
wavelength is long enough to avoid deleterious interband absorption and absorption due to electron-
electron scattering.

With any luck, this accessible, comprehensive and physically transparent treatment of all the processes
of hot carrier generation by plasmons, will be found to be at least to some extent useful to the developers
of practical photonic and plasmonic devices.

Acknowledgement: The author is grateful to NSF (DMR-1507749) for funding, and, more than ever, to his
longtime colleague and supporter Prof. P. Noir for the thought-provoking dialogs that made this modest
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