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Abstract. The approach of A M Brodsky and Yu Ya Gurevich is
generalized to photoemission from metal nanoparticles at the
excitation of a localized plasmon resonance (LPR) in them. The
cross section and the probability amplitude of photoemission
from a nanoparticle are obtained analytically, taking into ac-
count the LPR excitation and the electromagnetic field and
photoelectron mass changes at the metal-environment inter-
face. An increase by two orders of magnitude in the photocur-
rent from a layer of Au nanoparticles to silicon compared to a
bulk Au layer is predicted due to an increase in the electromag-
netic field strength under the excitation of LPR and due to a
significant part of the nanoparticle surface being nonparallel to
the incident field polarization. Practicable applications of the
results include improving the performance of photocells and
photodetectors, and probably reducing the minimum photoef-
fect time.

1. Introduction

It is well-known that oscillations of electron density of metal
nanoparticles possess a resonance frequency in the visible
part of the spectrum or the near-IR spectral range — so-called
localized plasmon resonance (LPR). Investigations into the
optical and electrophysical effects related to the excitation of
LPR and other similar resonances in metal nanoparticles and
nanostructures are the concern of a rapidly advancing realm
of modern physics—nanoplasmonics. The appearance of
LPR is caused by surface charge of the particles [1-4]: the
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particle boundaries build up a potential well for electron
density oscillations of the particle. The LPR frequency of
small particles (with characteristic dimensions below 40 nm)
depends only slightly on the size of the particles, but more
strongly on their shape, the type of metal, and the ambient
material.

The LPR may be excited by an external electromagnetic
field (EMF). In the case of LPR, the energy is stored both in
oscillations of electron density of nanoparticles and in the
oscillation-related EMF itself. The EMF energy density at the
LPR frequency inside a nanoparticle and within a distance on
the order of the LPR wavelength from it turns out to be
approximately Q times higher [5] than the energy density of
the external EMF that excites the particle (Q is the LPR
quality factor which depends on losses, including those for the
field scattering by the particle to the environment and
absorption in the particle material). Usually in experiments,
0 < 10[1-4, 6, 7], although theoretical estimates predict that
the value of Q may be as high as several dozen [8].

At the excitation of LPR, a nanoparticle behaves like an
EMF cavity. However, unlike, for instance, a Fabry—Perot
resonator, also present in the cavity-nanoparticle is the near
field, i.e., the charge-related Coulomb field; the near field
extends to distances < 4 from the particle (1 is the EMF
wavelength). The resonance properties of metal nanoparticles
(which are frequently referred to as plasmonic [1-4, 8]) and
their capacity to ‘concentrate’ the electromagnetic field inside
and around themselves allowed predicting and experimen-
tally observing several new effects [1-4, 8, 9], giant Raman
scattering [9] being the most well-known of them. New
optoelectronic devices with plasmonic nanoparticles have
been proposed and implemented, including sensors [1-4, 9—
11], nano-scaled lasers [12—15], and high-efficient solar cells
[16-18].

Nanoparticles that are employed in optical devices are
sometimes regarded as nanoantennas [1-4, 19, 20]. In the
development and modeling of devices which use the optical
(plasmonic) properties of metal nanoparticles, it is of interest
and value to also investigate the electrophysical properties of
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the contact of plasmonic nanoparticles with their environ-
ment, for instance, the contact of the particle with the surface
(or the ambient material) whereon (wherein) the nanoparticle
is resided. The transfer of charge carriers (electrons or holes)
and/or energy from the particle to its environment and back
may have a significant influence, either positive or negative,
on the properties of a device which comprises nanoparticles,
up to complete suppression of LPR and its related effects. For
instance, commonly known is the effect of photoluminescence
enhancement due to the addition of metal nanoparticles to
luminescent objects (for instance, dye molecules in a solu-
tion). But when the distance between a luminescent molecule
and a nanoparticle is short enough (less than several
nanometers), efficient radiationless relaxation occurs, and
the luminescence is completely suppressed [1-4, 21].

Photoconverter schemes have been proposed, whereby
both the optical plasmonic and electrophysical properties of
metal nanoparticles are simultaneously used, for instance, for
the electrical connection (commutation) of photoconverter
stages [23]. There is evidence that the efficiency of solar
photoconverters improves, as stated in Ref. [24], on injecting
into a semiconductor substrate the carriers from the electron—
hole pairs photoinduced in on-substrate metallic nanoparti-
cles under LPR excitation in the particles. At the same time,
the transfer of carriers across the plasmonic nanoparticle—
substrate contacts at the excitation of LPR in the particles
has been much less studied than their optical properties. This
is due to the difficulties encountered in the theoretical and
experimental investigations of the electrophysical properties
of nano-scaled objects. The study of transport and other
electrophysical properties of substrate contacts with metal
nanoparticles, performed simultaneously with the investiga-
tion into the optical properties of the particles, is required for
the development of efficient plasmonic optoelectronic
devices [22], including solar photoconverters, photodetec-
tors, nano-scaled light-emitting diodes, and nano-scaled
lasers.

Among the effects related to the transfer of carriers under
the excitation of nanoparticle LPR is photoemission from
nanoparticles, which is theoretically examined in our work.
The photoemission from nanoparticles may be substantially
different from the photoemission from large (in comparison
with the EMF wavelength) macroscopic metallic structures
(for instance, from metal layers). This is so because, first, the
EMF inside the particle and outside of it, near the nanopar-
ticle surface, rises sharply at LPR excitation and, second, the
surface area-to-volume ratio for a nanoparticle is much
greater than for macroscopic structures. The latter is of
importance, because the main contribution to photoemission
is made from the surface photoeffect, when an electron
absorbs a photon and escapes from the metal in a collision
with the metal surface [25]. Another photoeffect type—a
volume photoeffect, whereby a photon is absorbed in the
electron collision under the metal surface— makes a smaller
contribution [25] and so, as a rule, is neglected in the
calculation of photoemission. Third and last, for the surface
photoeffect to occur, the intensity of the electric field which
excites the electron should have as strong a component as
possible perpendicular to the metal surface. Clearly, this
condition is easier to fulfill for nanoparticles than for lengthy
metal films on which light is incident normally or at a small
angle. Therefore, the photoelectron yield per unit metal mass
from nanoparticles under LPR excitation would be expected
to be higher than from lengthy metal structures like, for

instance, metal layers in existing photodetectors [26-28].
Raising the efficiency with the aid of nanoparticles will
assist, in particular, in improving the sensitivity of medium-
and far-IR photodetectors, which is an important applied
problem [29, 30].

To quantitatively estimate the photoemission from
nanoparticles and determine the optimal parameters
whereby the photoemission is at its maximum, it is necessary
to calculate the photoemission cross section for nanoparti-
cles, which is the main objective of our work. The calculation
of the surface photoemission cross section for metallic
particles with the inclusion of LPR excitation in them, its
quantitative estimations, and, proceeding from these esti-
mates, the conclusion that the photoemission from nanopar-
ticles into silicon may be much more efficient than the
photoemission from a continuous metal layer constitute one
of the main results of our work. We note that the fabrication
of micro- and nanostructures on the surface of a photo-
detector for raising the photoemission efficiency is well
known and widely used. In particular, the early 1970s saw
the appearance of III—-V compound photocathodes (gallium
arsenide, etc.).

In numerous publications on these photocathodes (see,
for instance, the bibliography in Ref. [31]), it was shown that
the photoemission layer has a highly dispersed structure and
is not a continuous metallic layer. It is also well-known that
all aforementioned photocathodes exhibited a substantially
higher photoemission current than the emission from con-
tinuous photocathode layers. At the same time, the highly
dispersed surface structures of the known photocathodes
were not expressly fabricated in such a way that LPR could
be excited in the surface particles. In the majority of cases,
these structures and the macroscopic metallic coatings are a
comprehensive whole, these structures having a good elec-
trical contact with them, and so in the majority of nanopar-
ticles appearing in such structures there is no way of exciting
LPR by the incident field and substantially enhancing the
photoemission owing to the field ‘concentration’ factor.

Without fulfilling special conditions for the majority of
surface particles, the excitation of LPR may occur only by
accident in a small number of ‘hot’ spots, which may hardly
affect the photoemission from the photocathode as a whole.
The fact that the photoemission current from the known
photocathodes with a highly dispersed surface structure
exceeds the emission from continuous layers is attributable
primarily to the greater surface area from which the
photoemission takes place, to the nonparallelism of the
surface and the electric vector of the incident electromagnetic
field, and supposedly not to the LPR excitation. The
excitation of LPR in the majority of structures of the
nanostructured surface will result in an even greater rise in
photocurrent, and therefore the investigation of photoemis-
sion from nanoparticles on the surface of a photocathode
under LPR excitation conditions is a topical and interesting
problem.

The utilization of nanoparticle plasmonic properties was
proposed for raising the efficiency of photodetectors; how-
ever, photoemission from nanoparticles has not been yet
considered [32]. The rise in efficiency of the photoemission
from metal nanoparticles into a vacuum at the excitation of
LPR has been experimentally observed, and its employment
was proposed for improving the efficiency of photodetectors
[33, 34]. At the same time, a systematic theoretical treatment
of the photoemission from nanoparticles and determination
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of the photoemission cross section for nanoparticles have not
been pursued to date.

The present study is concerned with the treatment,
primarily analytical, of the physical aspects of photoemis-
sion from metal nanoparticles proceeding from the classical
theory set out in detail in monograph [25]. In particular, we
calculated the photoemission cross section and found the
general expression for the probability amplitude of the
photoemission and its cross section. Our calculations suggest
that the photoemission current from a gold nanoparticle layer
into silicon may be by two orders of magnitude higher than
the photocurrent from a continuous gold layer. Furthermore,
the theoretical result of Ref. [25] for the photoemission
probability was generalized to the case when surface effects
are explicitly taken into account: the changes (steps) of
electric field strength and electron mass on the particle
surface. The inclusion of these surface effects changes
(increases in the case under consideration) the photoemission
cross section several-fold and is especially important for the
photoemission from nanoparticles whose surface area is
larger in comparison with that of a continuous metal layer.

The probability and cross section of photoemission
derived in our work are the quantities required for the
calculation of photocurrent from a layer of metal nanoparti-
cles. The analytical approach adopted in our work is
appropriate, because, first, it permits tracing all the details
of the physics of the enhancement of photoemission from
nanoparticles under LPR excitation. For instance, the rise in
photoemission cross section is related not only to the
concentration of EMF (which is rather evident), but also to
changes in EMF and the mass of a free electron on the surface
of a nanoparticle. In this case, quantum-mechanical inter-
ference effects of photoelectron dynamics turn out to be
significant in the calculation of the cross section. The
analytical approach permits us to explicitly separate the
contributions which the following three factors make to the
photocurrent from the nanoparticle: the photoemission
probability, the EMF enhancement in the nanoparticle
under LPR excitation, and the nanoparticle surface shape.

In principle, it is possible to ‘control’ the photoemission
by varying these three factors, each separately. For instance,
by varying the nanoparticle shape, it is possible to change the
peak of the photocurrent spectrum. A detailed discussion of
the possibilities of controling the photoemission is beyond the
scope of this work. The resultant analytical expressions for
the photoemission cross section and probability are more
convenient to apply (both in experiment and in the further
elaboration of the theory, for instance, in the analysis of the
systems of interacting nanoparticles) than numerical results.
The analytical approach allowed us to explicitly take into
account many features of optical plasmonic effects in
nanoparticles, for instance, the dynamic depolarization and
radiative loss effects (which would not have been separated in
a numerical analysis). Finally, the analytical results may serve
as a test model for the numerical analysis of more complex
cases, for instance, those which fall outside the scope of the
dipole approximation employed in describing the nanoparti-
cle—-EMF interaction in our work.

Next, we discuss only the photoemission of electrons into
a vacuum or into a uniform dielectric medium surrounding a
nanoparticle. However, the approach under consideration
may also be applied to the solution of other, more challenging
problems related to carrier transfer in the vicinity of
nanoparticles. Among these problems are, for instance, the

capture of a free carrier by the particle or photoemission from
the nanoparticle involving tunneling through a potential
barrier [35], including the case where the metallic particle is
close to the surface of a semiconductor and is separated from
this surface by a thin (tunnel) dielectric layer. The last
structure is typical for questions of efficiency improvement
in solar elements by using metal nanoparticles [16—18].

The layout of the paper is as follows. In Section 2, we find
the general expression for the photoemission probability
amplitude with the inclusion of the changes in electromag-
netic field strength and the electron mass in the electron
passage across the interface between the media, and derive an
explicit expression for the photoemission probability ampli-
tude, assuming that the metal boundary is represented by a
step-like potential. Section 3 is dedicated to the determina-
tion, with the application of the results of Section 2, of the
cross section of electron photoemission from the nanoparti-
cle. In Section 4, the results of Section 3 are employed for
estimating the cross section of the photoemission from
spherical gold nanoparticles into silicon. The resultant data
and the lines of future research into photoemission from
nanoparticles are discussed in the concluding section.

2. Photoemission probability amplitude

with the inclusion of electromagnetic field jump
on the media interface

and photoemission probability

for a boundary in the form of a potential step

2.1 General expression

for the photoemission probability amplitude

Using the perturbation theory, Brodsky and Gurevich [25]
derived an expression for the photoemission probability
amplitude C(oco) for an electron which is traveling through
a medium (a metal) along the z-axis perpendicular to the
medium boundary, under the action of an electromagnetic
field with frequency w:

_ lelm (> d¥, 1 dEp
C+(OO) = hleJ dz [ En q- Y. +2 Y. ¥, iz )
(1)

Here, e is the (negative) charge, and m is the electron mass.
The medium boundary is described by a one-dimensional
potential (barrier) ¥(z) (Fig. 1). The effective electron mass
changes on exit from the metal, and therefore m = m(z). In
expression (1) and further, ¥y, ¥+ are the electron wave
functions in states with a total energy E;, i = 0, 1 below and
above the potential barrier, E,, = E/m(z), E is the amplitude
of the electric field component directed along the z-axis, and
dvy dy,_
dz "4z

—00

41 (T1,T1+) =Y,

0 z

Figure 1. Potential barrier for a moving electron.




May 2012

Photoemission from metal nanoparticles 511

The resultant expression for the photoemission probability
was derived in Ref. [25] under the assumption that the
electric field E is constant along the z-axis. However, this is
not so at the intersection of the media interface because, due
to the surface charge, a change in the normal field
component! occurs on the surface, i.e., one must consider
function E(z). We invoke the approach of Ref. [25] in the
case of E(z) and m = m(z), and rearrange expression (1) into
the form

C.(c0) :Lm)ro %(CV‘FC’E"‘Cm): (2)

—00

where ¢y, cg, and ¢, describe the photoemission with the
inclusion of the steps, respectively, of the potential, the
electromagnetic field, and the effective electron mass at the
media interface:

cy=—EV'V¥,_,
K fiw
CE:E/|:% 'P(;(P{7+(E07V+7>q/0q/1*:|7 (3)
Em’ h
em = — 2 <E0— V+—w>¥’o'f’1_-
m 2

A detailed derivation of expressions (2) from formula (1)
will be published in Ref. [36]. Below, we integrate expression
(2) for the case of piecewise linear (step) functions V(z), E(z),
and m(z), which have a discontinuity at z=0 and are
constant for z # 0. For them, one obtains V' = Vi(z), E' =
(Ey — E_)o(z), and m' = (my — m)d(z), where E. are the
respective values of E on the right and left of z = 0, and m and
my are the effective electron masses in the metal and outside it,
respectively. The values at the interface are as follows:
V(0)=V/2, E(0) = (E+ + E_)/2, and m(0) = (mg + m)/2.
And finally, a prime in functions ¥, ¥|_ entering Eqn (3)
and below stands for differentiation over z.

2.2 Wave functions in the absence of perturbation

Let us find the wave functions of an electron which travels
perpendicular to the metal boundary described by a one-
dimensional potential barrier in the form of a step (Fig. 2). An
electron with a charge e and an effective mass m for z < 0 and
m = my for z > 0 travels in the step potential

0, z<0,
Viz)y=4q V/2, z=0, 4)
vV, z>0.

The electron Hamiltonianis H = H_ forz < 0,and H = H,
forz > 0:
n?od? n*od?

H =——— H =———+17T. 5
2m dz?’ * 2my d22+ (5)

By solving the Schrddinger equation (0%, /0r) = H, Py,
we find the wave function ¥, = Woexp [—i(Ey/h)t] of the
state with the total energy Ey < V for an electron which is
incident on the barrier from the left and is reflected from it:
Yy = [exp (ik()Z) + Ap exp (—ikoz)] -0 + [B() exp (1/&)2)}

z>0"

(6)

! The metal boundary in Fig. 1 is a smooth function of z, and so the
variation of the electric field at the interface is also a smooth function of z.

&t

0 z

Figure 2. Potential barrier in the form of a step. Shown are the
discontinuity of the electric field at z = 0— at the point of discontinuity
of the potential—and permittivities of the metal (¢_) and the particle
environment ().

where the wave numbers are given by

|
(2mEy)'?, 12

- ™
Since V > E,, the quantity (Ey— V)l/2 =i(V- Eo)l/2 is
purely imaginary. For convenience, the wave function ¥ is
normalized in such a way that the coefficient of the term
exp (ikoz), which describes the initial electron state— the
incidence on the barrier from z = —oo—1s taken equal to 1.

The coefficients 4y and By in expression (6) are deter-
mined from the continuity conditions at z = 0:

Po(z = —0) = Po(z = +0),

m—l(%) :m—l(%)
0z ). 0 0z ::+07

which are equivalent to the equations 1+ Ag= By and
1 — Ay = 0y By, whence it follows that

S|
ko = k() = ﬁ [2!’}’10(E0 — V)]

(8)

1 -6 2 m \1"?
0 l—‘y—@o7 0 1—|—90’ 0 [MO< E0>:| ()
In a similar way, we find the wave functions

Y. = W1 exp[—i(E; /h){] for the electron state with a total
energy £y > V, where

Y, = [AH exp (ik1z)+ Bi. exp (—iklz)]z<0+ exp (ilgl Z).50 >

(10)
Y,_= [Al, exp (ilglz)Jr Bi_exp (—ilgl z)]z>0+ exp (—ikiz).q,
(11)

and the real wave numbers are defined as
ki = %(2mE1)'/2, ki :%[21710(& -] (1)

The coefficients 4;+ and B;y are determined from the
wave-function continuity conditions at z =0, similar to
conditions (8), which lead to the equations A+ + Bjx =1,
AH— — BH— = 91, and 01(31_ — Al_) = 1, where

12
0=l (-5)]
mg E

whence it follows that
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Wave function (10) and (11) make up the fundamental system
of solutions to the Schrédinger equation with the electron
Hamiltonian (5).

2.3 Expression for the photoemission probability amplitude
Following the procedure proposed in Ref. [25], we treat the
action of the monochromatic EMF of frequency w on an
electron as the perturbation

N d
Upert (z, &> cos (wt)
1 - d . .
=5 Upert | 2, o (exp (—iwr) + exp (iwt)),

in Hamiltonian (5). The action of operator Uper[ on the
electron-state wave function ¥; (i = 0, 1+) is defined by the
expression

N ihe[ d (A4 A dY;
Upent Vi = ¢ [& (E lPi) +a dz ] +ep¥;,

where e is the electron charge, ¢ is the speed of light in
vacuum, A4 is the z-component of the vector potential of the
EMF in the medium, and ¢ is the scalar potential of the EMF.

Calculations with wave functions (10) and (11) lead to the
expression (its detailed derivation will be published in

Ref. [36])
LS :iﬁ(1+el)zi(ﬁ+ﬁ>. (14)
m ..o Moo m m my

At z =0, considering that ¥ and ¥|_ are discontinuous
functions, so that ¥ | (0) = (1/2)[¥;,_(=0) + ¥ ,_(+0)],
we find

2 2kok >
YoV |- =— ply =
0t o ’ 0% 1= I’)’lom(l +00)

(15)
Hereinafter, the following notations are introduced
m= (mo+m)/2, Am=mg—m, E= (E,+ E_)/2, and AE =
E, — E_. We substitute expressions (14) and (15) into
expression (2) to obtain, on rearrangement, an explicit
expression for the photoemission probability amplitude

B 2|e|m
(o0 = e (1 1 o) (1 1 01)

_ AE EA
><{—VE+7 £+ (B0 = )P = =2 (Eo + E1 - V)}.

(16)

We express formula (16) in terms of the variable
x = (fikg)*/(2mV') = Ey/ V. Taking into consideration that

V2mV ho\ 2 m (1 172
=z X+— ) 00: — __1 )
h V mo \ x

NGl

we arrive at the resultant expression for the photoemission
probability:

ki

|C4(00)[* = CoU) [ Kais () (17)

where the dimensionless coefficient is

C20ePlE-PV
O e "
4 2
Ulx) = —m
(rm+1)
X
X

[+ (1= 0] {0+ hoo/ V)2 4 [ + oo/ ¥ = D] 2}

(19)

m

1 e 1 —rm hw
Kdls(.x) —§<1 +a> |:1 =+ 1 +rm <2x+7_ 1)j|

SB[ 00T

The factor Kg;s describes the influence of the disconti-
nuities in the electromagnetic field and the effective electron
mass at the metal boundary where z =0, and expression
(19) for U(x) also turns out to depend on the step in the
effective electron mass. To revert to the case considered in
Ref. [25], where the steps in electron mass and electro-
magnetic field amplitude at the metal boundary were
neglected, one must put r, =1 and ¢ = ¢, in formulas
(19) and (20), resulting in Kdisgxg =1 and U(x)=
x/[(x + ho/ V) 4 (x + ho )V — 1),

Therefore, the electron photoemission probability, when
the boundary has the form of a potential step and the steps in
effective electron mass and electromagnetic field amplitude at
the media interface are taken into account, is defined by
expression (17), where the coefficient Cy is given by formula
(18), and expressions for U(x) and Kgis(x) are defined by
formulas (19) and (20), respectively. These formulas will be
employed below in calculating the cross section of photo-
emission from nanoparticles.

3. Cross section for photoemission
from a nanoparticle for a stepwise potential

3.1 Expression for the photoemission cross section
By definition, the cross section oy, of photoemission from a
nanoparticle is given by

J,
Ope :$ , (21)

where Jp, is the total photocurrent from the nanoparticle (in
electrons per second), and [/ is the intensity of an external
monochromatic field which causes the photoemission at the
point where the particle is located (in photons cm™2 s~ !). The
photocurrent from the particle is

Jpe = J ds = J (0, ¢,r)rdr sin0d0do, (22)
surf surf

where j is the density of photocurrent (in electrons cm =2 s~ 1)
normal to the particle surface at the surface point defined by
the polar angle 6, the azimuthal angle ¢, and the distance r
from the origin to the particle surface (Fig. 3).

Following Refs [14, 21], we go over from the one-
dimensional model of electron motion to the three-dimen-
sional one. Then, according to formula (2.30) from Ref. [25],
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Figure 3. Photocurrent density j at the surface point defined by the angles 6
and ¢ for a spheroidal nanoparticle excited by an external electromagnetic
field of amplitude E. The lengths of two particles’ semiaxes are the same
and equal to a; the length of the third semiaxis is c.

the photocurrent density dj for those electrons which had
energy in the interval from Ey to Ey + dEy in the domain of
the particle (i.e., below the barrier), absorbed photons and
overcame the barrier is expressed as

o hlgl:

m

dj

2
IC.[’@ {ké—&-h—’?(hw— V)} dny, (23)

where hlgl_,/m is the velocity of such electrons above the
potential barrier, dny = 2fp (ko) dkoy dkogy dko-/ (21t)3 is the
number of these electrons, and

. (hko)?/(2m) — e\
filho) = (1 exp PRI
is the Fermi distribution function. Moreover, kg is the
magnitude of the electron wave vector prior to photon
absorption, kg = kg, + kg, + k.., kox,, are the electron wave
vector components parallel to the particle surface, ¢ is the
Fermi energy of the metal which makes up the particle, kg is
the Boltzmann constant, and 7 is the temperature. Since
2mE0/ﬁ2 = koz, one has for the step barrier:

- 2
ki- = \/h—"; (Eo +ho = V) = (kg +k5,)

E\/kngrz—";(hw— V). (24)
h

The last formula stands for the z-component of the electron
wave vector behind the barrier (denoted as k; in the one-
dimensional case; see formula (12)), ko, is the wave vector
component of the electron inside the nanoparticle, which is
perpendicular to its surface, |C.|* = |C4(c0)|* is the photo-
emission probability, and @ is the theta function. The
photocurrent density j of arbitrary-energy electrons is
written out as

L
j= —3J dkoy dko, dko. fi (ko)
(2n)

X @[kozz—&-;—rf(hw— V)

m

In the last expression, only fr depends on ko, ,, and so it is
possible to take the integral with respect to dk, dko, using the
substitutions kg, + kg, =c> and [Fdx(1+e¥/b)' =
In(1+b): '

Jdko,\. dkoy fr(ko)

e} dCZ
B TEJ() 1+exp {[*(c2 +k3)/(2m) — er] [ks T}

2nmkg T er — h2kg [ (2m)
Substituting expressions (23), (24), and (26) into formula (25)
and considering that |C,|* ~ |E_|*, then according to
expressions (17), (18) one obtains the photoemission current
density at some point on the nanoparticle’s surface:

Jj= Cem‘Ef|27 (27)
2 2 ¢l 172
kg TV ho/V -1
Con = LI (142021
R ot Jo;1-hw/v X
ep — Vx
x In (1 +exp FkBT >U(X) Kdis(x)yz:

where the lower integration limit is equal to 0 if w > V, and
equal to 1 —T7iw/V if hw < V; we took into account that
Ey < V and, consequently, x < 1; U(x) and Kgys(x) are
defined by expressions (19) and (20), respectively.

If we neglect the thermal excitation of electrons above the
Fermi surface, i.e., move to the limit 7 — 0 in expression (27),
and make use of the condition exp [(er — Vx)/(kgT)] — oo,
we may then write, instead of formula (27), the following
relationship

2 3 1/2
V ho/V -1
Co = ¢ +L>

eV
= dx (1
™ hRwt Jo; 1)V X

X (8—; - X> U(x)|Kais(x) ?

; (28)

in this case, it is required that Zw > ¥V — ¢r and the lower
integration limit be equal to 0 if 7iw > V. Therefore, one finds
|E_|*ds.

oo = Cch (29)

surf

Here, the integral is taken over the particle’s surface, and
Cenm 1s independent of the coordinates of the surface point; the
normal field component E_ = (Ejn), where E;, is the
electric field inside the particle, and n is the vector of the
surface normal to the particle’s surface at a given surface
point. The field components tangent to the particle’s surface
have no influence on the photoemission probability. The
electron motion along the particle’s surface under the action
of tangential field components affects, in principle, the
electron distribution function; however, in relatively low
fields typical for photoemission cases, this effect is negligi-
ble, much weaker than ordinary particle heating in the course
of electromagnetic field absorption.

The electric field inside the particle is related to the
external field E incident on the particle by the relation
Ei = F(r)E, where F(r) is a tensor. For the spheroidal
particles to be considered below, the field inside the particle
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is uniform, and thus Fis a constant quantity independent of r.
For simplicity, we assume that vector E is parallel to one of
the major axes of the spheroidal particle; then, Eiy, = FE,
where F is a quantity independent of r. For nonspherical
particles, F depends on which of the major particle’s axes is
parallel to E. Therefore, one has

e = Cem|F|* Kgeom| E (30)
where Kgeom = [, s(ne), and e is the unit vector in the
direction of external field polarization (see Fig. 3). In view
of formula (21), and taking into consideration that the
external field intensity 7 (in photons cm~2 s~!) is of the form

_ L cny|E |2

8n  ho

we arrive at the photoemission cross section

_ 8nliw

2
Ope = CemlFl ngOlTl7
cny

(31)
where c is the speed of light in vacuum, and n, = Re /e is
the refractive index of the medium outside the nanoparticle.

3.2 Parameters F and Kyeom
According to Ref. [40], the field parameter F for spheroidal
particles is given by

1 &y

F= - ,
1+ Rdep —1Rpad & + (87 - 8+)L

(32)

where the second multiplier is the result of calculations in the
framework of the quasistatic approximation [38], and the
factor

rzrc du

L=— :
0 (u+r2)u+1)"?

2

where the aspect ratio r = a/c, ais the length of one of the two
equal semiaxes of the ellipsoidal particle, and c is the length of
the third semiaxis (see Fig. 3). The first multiplier in formula
(32) takes into account the effects of dynamic depolarization
and radiative loss with the aid of the factors Ryep and Ryag,
respectively [39]:

6. — ey

Riy =——— "F  (Ae. y2 + Be2yp*
dep £+—|—(8_—8+)L( ey + &Ly )a
1673 n3 [(a\* -
Roj——— () = " 33
rad 9 r <}> ey + (e —ep)L’ (33)

A= —0.4865L — 1.046L> + 0.848L°
B =0.01909L + 0.1999L> + 0.6077L* ,

where y = ma/A, and 1 is the wavelength of the electromag-
netic field in vacuum. The factor Ry, characterizes the
departure of the electromagnetic field inside the nanoparticle
from the uniform one. Electron collisions with the particle’s
surface have the result that the dielectric constant ¢_ of the
particle’s metal is different from the dielectric constant &y of
a macroscopic specimen of this same metal. This difference
may be taken into account in the following way [3]:

oy - oy (34)
®? +iwy, o?+iw(yy +idve/a)’

& = épulk t+

where wp and y, are the plasma frequency and the radiation
loss-induced damping increment, respectively, vg is the
electron velocity at the Fermi surface, and A4 is a constant on
the order of unity, which depends on the particle shape.
According to Ref. [40], the shape parameter Kyeom takes the
form

na? r 1 —2r2

o 1—r2+(1_r2)3/2

ngom = arcsin(l — 1’2)1/2 . (35)

Thus, the photoemission cross section is defined by
expression (31), where the Ceyy, factor is expressed by formula
(27), while the factors F and Kgeom are defined by formulas
(32) and (35), respectively. The photoemission cross section
may be compared with the cross sections for absorption (oaps)
and scattering (o) of light by a particle [40]:

8m2a’n 128n°abn?
GabszijLImaa Osc = B +| ‘27
1 e — &4

o= - .
1+ Rdep —1Rpaq &L + (S_ - 8+)L

Proceeding from these results, we will make in the next section
numerical estimates of the photoemission cross sections for
metal nanoparticles.

4. Photoemission from gold nanoparticles
into silicon

By way of example, we calculate the photoemission cross
section for a spherical gold nanoparticle embedded in p-type
silicon. The latter was selected as the nanoparticle’s environ-
ment, because the work function j. in the transfer of an
electron from gold to p-type silicon is low: y, = 0.34 eV [41].
Since the Fermi energy for gold eg = 5.1 eV [41], the potential
barrier height V' = ¢p + y. = 5.44 eV. The respective conduc-
tion electron masses in gold and silicon are m = 0.992m, ~ m,
and my = 0.25m, [42], where m, is the free electron mass in a
vacuum. Therefore, r,, = 0.992/0.25 = 3.968. The data on
gold dielectric constant ea, were borrowed from Ref. [43].
Dielectric constant (34) of the metal nanoparticle (gold) is
conveniently written as a function of EMF wavelength 1 in a
vacuum:

)» 2 1 1
e-(2) = eau(d) + (g) {1 +i2)he 1+ (id/2e)(ac/a+1)
(37)

The following parameter values were taken in the calculation:
Jp = 0.142 um, Ac = 55 um, which correspond to the best
approximation

AN
ean(4) = 12+ <—>

— 38
i) V+ik/e (38)

in the range of wavelengths A of interest from 0.6 to
1.2 ym, which contains the LPR of the spherical gold
particle put in silicon under consideration; a. =
Avple/(2mcy) is a parameter which characterizes electron
collisions with the particle’s surface, 4 =0.7, and
VE = (2Ep\e|/mo)1/2 ~13x10° m s~'. The conduction
electron mass in gold is assumed to be practically equal to
the free electron mass.

Shown in Fig. 4 for ¢ = 10 nm are the real and imaginary
parts of eay(4), its approximations according to formula (38)
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Figure 4. Imaginary (/) and real (2) parts of the dielectric constant of gold
[the dashed line is drawn according to Ref. [43], and the solid one
according to formula (37)]. The dotted horizontal line corresponds to zero.

(they are rather close), and ¢_(1) obtained by formula (37).
One can see that the imaginary part of ¢_(4) significantly
exceeds Im [eay(4)], which points out the importance of
including electron collisions with the nanoparticle’s surface
in the estimation of its dielectric constant. For the dielectric
constant &, (4) of silicon, which accommodates the gold
nanoparticle, we take advantage of the analytical approxima-
tion derived in Ref. [44]:

3 2 -1
1.242 . 1.242

i=1
. _ 1—7i(4)
—Fiy 2D In (1 = 2] = Py 2(A) In — 2222
le ( )n[ /Cl( )] 2%2 ( )nl_xg(i)7

where

1.242 1
. ;L. = —_— .Fl' e
%i(4) < St )El-

and ¢, =02, C; =0.77, C, =296, C3 =0.3, F; =5.22,
F,=4,7 =005 y,=0.1, y3 =0.1, E; =3.38, E; =4.27,
E;=53,I'1=0.08,and I';, = 0.1.

Figure 5a displays the absorption and scattering cross
sections (in ma? units) calculated by formulas (36) for a gold
nanoparticle in silicon. One can see that the absorption cross
section exceeds ma? by more than an order of magnitude in
the vicinity of A = A pr = 0.857 um. Figure 5b depicts the
factor |F \2, which enters into formula (31) and accounts for
the increase in field intensity in the nanoparticle, in compar-
ison with the field intensity outside the particle; Fis defined by
expression (32). At the LPR frequency, the electric field
intensity inside the particle is more than 150 times higher
than the outside field intensity.

The cross section op. of the photoemission from a
spherical gold nanoparticle of radius ¢ = 10 nm in silicon,
which was obtained using formula (31) with the aid of
expressions (27), (32), and (35), is plotted in Fig. 6a as a
function of incident radiation wavelength; also plotted here
are the absorption (o,s) and scattering (o) cross sections.

Asis clear from Fig. 6a, the photoemission cross section at
the LPR peak amounts to about a half of the geometrical
cross section ma?, which is equal to 4.2% of the maximum

15
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Figure 5. (a) Absorption a,ps (solid line) and scattering oy (dashed line)
cross sections for a spherical gold nanoparticle in silicon. (b) Factor of
field intensity enhancement in the nanoparticle.

value of gaps. The ratio ape/0qps at the resonance, i.e., for
A = ALpR, 1s plotted in Fig. 6b and characterizes the relative
fraction of the energy absorbed by the nanoparticles that is
transferred to photoemission current. Although this fraction
is small, several percent, it turns out to be appreciably larger
than for a continuous gold layer (see this section below).
Figure 6b demonstrates that the ope/oaps ratio decreases
almost linearly from 9 to 1% as the nanoparticle’s radius
lengthens from 1 to 20 nm. Therefore, the photoemission
efficiency is higher for small particles. At the same time, the
absorption cross section itself is small for short particle radii a
(due to LPR broadening arising from electron collisions with
the surface of the particle). As the nanoparticle’s radius
increases, the magnitude of o, reaches its maximum and
then becomes smaller due to dephasing and radiative loss
(Fig. 6¢). Therefore, the optimal particle’s radius may rather
be estimated proceeding from the magnitude of photoemis-
sion current (see this section below).

In the calculation of the photoemission current induced
by an ensemble of nanoparticles, collective effects can play a
significant role, including particle-particle interactions via
the EMF. A comprehensive description of collective effects is
a difficult task, which lies outside the scope of the present
paper. And so we will restrict ourselves to simple and rather
crude estimates of collective effects, reserving for the future a
detailed analysis of their influence on photoemission.

Proceeding from the fact that the number of photons
absorbed in a layer of nanoparticles per unit time may not
exceed the number of photons incident on the layer from the
outside per unit time, one can deduce that o,ps/(ma?) < 1/1,
where 7 is the relative surface nanoparticle density (the
fraction of surface area occupied by the nanoparticles), i.e.,
Gabs Decomes smaller with an increase in 7. The decrease in
Oabs With an increase in 7 is practically due to the LPR
broadening caused by collective effects, which is evidenced
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Figure 6. (a) Photoemission cross section of a gold nanoparticle (curve 3)
and its absorption (curve /) and scattering (curve 2) cross sections in units
of ma?, i.e. the geometrical cross section of the nanoparticle. (b) Ratio
Ope/0abs at the LPR maximum for different radii of spherical gold
nanoparticles. (¢c) Absorption cross section of a spherical gold nanoparti-
cle as a function of its radius.

in experiments. The LPR broadening caused by collective
effects supposedly decreases also the factor F, as well as the
photoemission cross section for a narrow EMF spectrum, i.e.,
when A = Ay pgr, but this does not signify that the photoemis-
sion from an ensemble of nanoparticles for a broad spectrum
(for instance, solar) will necessarily weaken with increasing 7.
Furthermore, narrow lines of high-Q LPRs were predicted
and observed in nanoparticle ensembles in special cases [45].
This signifies that the effective factor F may turn out to be
quite high in nanoparticle ensembles, even if g,y is not large.?
Hence, one cannot a priori draw a conclusion that collective

21t is well known that local fields in ensembles of nanoparticles sufficiently
high for a surface photoeffect may emerge not only inside the nanoparti-
cles, but also outside them, in the regions between closely located particles
in the proximity to their surfaces [Ref. 4, p. 257].

effects undoubtedly lower the efficiency of photoemission
from nanoparticles.

Asnoted above, a detailed investigation of the influence of
collective effects on the photoemission from nanoparticles is
rather complicated and goes beyond the scope of this study.
Therefore, we compare the photoemission from nanoparticles
with the photoemission from a thin continuous layer of gold
in silicon by taking advantage of the foregoing formulas
derived neglecting collective effects.

We estimate the photoemission current density jp% for a
thin continuous layer of gold using formula (27), where E_ is
the EMF component normal to the metal surface. For
simplicity we assume that the EMF is incident on the metal
surface at a grazing angle, i.e., E_ = E (the EMF amplitude).
Since the grazing incidence (whereby the angle of EMF
incidence on the metal surface is equal to 90°) is hard to
realize, we will knowingly overestimate the density of
photoemission current from the continuous gold layer.

Let us assume now that there is a layer of spherical gold
nanoparticles with a relative surface density # in silicon and
estimate the surface density of photoemission current from
this layer under solar irradiation. The solar radiation
spectrum normalized to unity may be written out as

774/0.128

") = S et6/) =1

where A is the wavelength in micrometers. The surface density

Jpe of photoemission current from the layer of nanoparticles

reduced to the total intensity 7 of solar radiation is expressed
as

jﬁ— il les(}~)ape(i)d}" (39)

I ma?

Figure 7a shows the ratio between the surface density of
photoemission current from the layer of spherical gold
nanoparticles and the surface density of photoemission
current from the continuous gold layer at n = 0.3 (i.e., 30%
of the surface area is covered with nanoparticles) as a function
of the nanoparticle radius for the spectral range from 0.32 to
2 um, which takes in approximately 80% of solar radiation
energy.

Figure 7b exhibits the same for the monochromatic EMF
at the wavelength of localized plasmonic resonance. As is
evident from Fig. 7a, the solar radiation-induced photoemis-
sion current from the nanoparticle layer is several times
higher than the photoemission current induced by the
continuous gold layer; in this case, there exists an optimal
nanoparticle radius which maximizes the photoemission
current. Without the inclusion of collective effects, the
photoemission current from the nanoparticles at the fre-
quency of plasmonic resonance and their photoemission
cross section are several hundred times higher than the
corresponding quantities for the continuous gold layer
(Fig. 7b). In the case under consideration, the optimal
particle radius is equal to 10 nm. Of course, the resultant
data apply to internal photoemission: the problem of the
extraction efficiency of photoinduced carriers to an external
circuit is not considered. As discussed above, the estimates
made above are rather course. Apart from collective effects,
they disregard, for instance, the fact that a nanoparticle and
its environment (silicon) are separated by a potential barrier
and do not form a potential well. Carrier tunneling is possible
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Figure 7. (a) Ratio between the surface density of photoemission current
from a layer of spherical gold nanoparticles (with a surface density of
30%) and the surface density of photoemission current from a thin
continuous gold layer in silicon as a function of the particle radius a.
(b) The same at a wavelength A pg.

in the case of a barrier [35]; furthermore, the probability of
transition through the barrier in the photoemission may be
higher than the probability of photoemission from a potential
well. The potential barrier can be included instead of the
potential well using the method of the present study, resulting
in an increase in the photoemission cross section. An
additional positive, though small, contribution to the photo-
emission current will be made by volume photoemission,
which was not considered in our study and may be treated
following, for instance, Fowler’s classical work [37].

In this paper, unlike Ref. [25], the resultant expression for
the photoemission cross section takes into account the step in
normal component of the electric field and the step in the
effective mass of conduction electrons at the nanoparticle—
environment interface. Let us estimate the significance of
these factors in the calculation of the cross section for the
photoemission from a gold nanoparticle into silicon. What
one has to do to revert to the results of Ref. [25] is to follow the
advice given in the paragraph after formula (20). Figure 8
shows the photoemission cross sections with neglect of only
the step in the effective mass, i.e., when ry,, = 1, or of only the
EMF step, i.e., when ¢_ /e, = 1, or of both steps, i.e., when
rm = & /e, = 1. Also plotted in Fig. 8 is the photoemission
cross section obtained for ry, # 1 and ¢_ /e, # 1 —the same
as curve 3 in Fig. 6.

According to Fig. 8, the inclusion of EMF discontinuity
and of the step in the effective electron mass significantly
(several-fold) changes the photoemission cross section in the
example under consideration. Interestingly, the highest value
of the cross section results when all discontinuities are taken
into account, i.e., the field and mass jumps enhance the

from gold into a vacuum, so that r, is close to unity, the
discontinuity of the corresponding quantity turns out insig-
nificant.

Interestingly, the step in electron mass in the absence of a
field jump results in a lowering of the photoemission cross
section (comparing with the result of Ref. [25], where the steps
were disregarded, cf. curves 2 and 3 in Fig. 8). The field jump
in the absence of the mass step increases oy, (compare curves /
and 3 in Fig. 8), but a simultaneous accounting of all the steps
leads to a maximum increase in ¢ (compare curve 4 with the
other curves in Fig. 8). This ‘nonadditive’ influence of EMF
and electron mass jumps on the photoemission cross section is
a consequence of the quantum-mechanical nature of the
photoemission.

Indeed, although the terms ¢y, cg, and ¢,,, which describe
respectively the photoemission with the inclusion of the steps
in the potential, the electromagnetic field, and the effective
electron mass at the media interface, enter additively into
expression (2) for the photoemission probability amplitude
C,(00), the quantity Cep ~ |C+(oo)|2 enters into expression
(31) for ope. It turns out that a significant quantum-
mechanical interference of the contributions from the terms
¢y, ¢g, and ¢, may occur in the calculation of gp.. This may
result, as is evident from the example, in increasing ¢, when
both steps are taken into account, and in an increase or a
decrease in o}, when account is taken of only the EMF jump
or of only the step in the effective electron mass.

5. Conclusions

In this study we derived the expression for the probability
amplitude and calculated the cross section for the photoemis-
sion from metal nanoparticles. By the example of a spherical
gold nanoparticle embedded in p-type silicon, the photoemis-
sion cross section at a wavelength A = A pgr, which corre-
sponds to the excitation of localized plasmonic resonance in
the nanoparticle, was shown to amount to several percent of
its absorption cross section (which far exceeds the geometrical
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cross section of the nanoparticle at resonance); the photo-
emission cross section is equal to about a half of the
geometrical cross section of the nanoparticle (Fig. 6a). There-
fore, when the relative surface nanoparticle layer density is
n=0.3, at 1 = A pr approximately 0.57, i.e., 15%, of all
photons will be converted into photoelectrons — the internal
photoemission efficiency at the LPR frequency.

The photoemission current from a layer of nanoparticles
at 4 = A pr may be two orders of magnitude higher than the
photoemission current from a continuous gold layer. Under
irradiation by a broad solar spectrum, the nanoparticles yield
a photoemission current several-fold higher than that from a
continuous metal layer (see Fig. 7). There is an optimal radius
of metal nanoparticles, which maximizes the photoemission
current (see Fig. 7). The increase in photoemission from the
nanoparticles in comparison with a continuous metal layer is
due both to an increase in electric field intensity inside the
nanoparticles under LPR excitation (see Fig. 5) and to the fact
that a substantial part of the nanoparticle’s surface is normal
to the direction of polarization of the electromagnetic field
incident on the nanoparticles.

The theory of Ref. [25] for the photoemission from metals
was generalized: in the calculation of the photoemission cross
section we took into account the discontinuities in the
effective mass of conduction electrons and the normal
component of the electric field strength at the metal-
environment interface. The corresponding analytical expres-
sions were obtained; using the example of photoemission
from gold nanoparticles in silicon, it was shown that the
inclusion of these discontinuities significantly (several-fold)
changes the magnitude of the cross section.

In the calculations we neglected the volume photoeffect
which increases the photocurrent, and the potential curve at
the nanoparticle—environment interface was approximated
by a rectangular potential well. The inclusion of a potential
barrier, which is possible to tunnel through, would increase
the photoemission current. Computations involving more
complex potential wells can be performed by way of direct
generalization of the method described in this paper. In the
future, in passing from separate nanoparticles to their
ensembles, when investigating photoemission there is good
reason to include collective effects in the interaction of
nanoparticles via the EMF. These effects will have an impact
only on the factor F, which describes the field inside the
particles. Using our approach, it is possible to analyze the
capture of carriers by metal nanoparticles.

The results of our work may be utilized in the develop-
ment of new high-sensitivity photodetectors and photocon-
verters of light to electric energy. For photodetectors, for
instance, of the utmost importance is the question of the
shortest attainable photoeffect time and of ways to experi-
mentally determine this time [31]. It is not unlikely that an
improvement in photoemission efficiency under the excita-
tion of LPR in nanoparticles will permit shortening the
minimal time required to obtain the photoeffect. For
instance, if a femtosecond laser pulse attainable with modern
lasers is capable of exciting the LPR in a nanoparticle (the
answer to this question is the subject of a separate theoretical
work), a photodetector with such nanoparticles will be able to
afford a femtosecond temporal resolution, even though the
nanoparticle material photoresponse time may be longer than
the laser pulse duration.
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