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T
he collective excitations of the con-
duction electrons of metallic nano-
structures, known as surface plasmons,

have become a key element in nanopho-
tonics due to their exceptional ability to
capture far-field radiation and concentrate
it into subwavelength volumes well below
thediffraction limit,1,2 thus producing strong
near-fields that result in extreme field
enhancements.3 These extraordinary prop-
erties have fueled the development of novel
applications in different areas such as ultra-
sensitive biosensing,4,5 photothermal cancer
therapy,6,7 drug delivery,8,9 or improved
photovoltaic devices.10,11

Surface plasmons have finite lifetimes
after which they decay either radiatively
by emitting a photon, or nonradiatively by
generating electron�hole pairs. The radia-
tive decay channel has been extensively
utilized in the past decade to optimize, for
instance, efficient nanoantennas capable
of enhancing and directing the radiation of
single emitters.12�14 More recently, a con-
siderable research effort has been directed
to exploit the hot carriers generated through

the nonradiative decay channel in applica-
tions.15,16 These hot carriers are capable of
inducing chemical reactions in molecules in
the vicinity of the surfaces of plasmonic
nanostructures, which would otherwise be
energetically very demanding.17 Different
experiments involving water splitting,18�23

hydrogen dissociation,24,25 and the genera-
tion of hydrogen from ethanol26,27 have
already been demonstrated, thus fueling
the growth of this new field of plasmon-
enabled photochemistry.28,29 Plasmon-
induced hot carriers also provide an efficient
mechanism to convert light into electric
current30�32 that canbeused for developing
alternativesolar-energyharvestingdevices,33,34

or to design efficient photodetectors with
spectral responses circumventing band gap
limitations.35�37 These excitations canalso be
injected in other materials, such as graphene,
thus enabling plasmon-induced phase transi-
tions and doping mechanisms.38�40

Although direct excitation of hot carriers
on metal surfaces is possible and has since
long been exploited in the field of surface
femtochemistry,41 the utilization of surface
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ABSTRACT Plasmon-induced hot carrier formation is attracting an increas-

ing research interest due to its potential for applications in photocatalysis,

photodetection and solar energy harvesting. However, despite very significant

experimental effort, a comprehensive theoretical description of the hot carrier

generation process is still missing. In this work we develop a theoretical model

for the plasmon-induced hot carrier process and apply it to spherical silver

nanoparticles and nanoshells. In this model, the conduction electrons of the

metal are described as free particles in a finite spherical potential well, and the

plasmon-induced hot carrier production is calculated using Fermi's golden rule.

We show that the inclusion of many-body interactions has only a minor influence on the results. Using the model we calculate the rate of hot carrier generation,

finding that it closely follows the spectral profile of the plasmon. Our analysis reveals that particle size and hot carrier lifetime play a central role in determining

both the production rate and the energy distribution of the hot carriers. Specifically, larger nanoparticle sizes and shorter lifetimes result in higher carrier

production rates but smaller energies, and vice versa. We characterize the efficiency of the hot carrier generation process by introducing a figure of merit that

measures the number of high energy carriers generated per plasmon. Furthermore, we analyze the spatial distribution and directionality of these excitations. The

results presented here contribute to the basic understanding of plasmon-induced hot carrier generation and provide insight for optimization of the process.
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plasmon decay to increase the efficiency of the hot
carrier generation process is relatively novel. The basis
for this dramatic enhancement is the large plasmon-
induced field enhancement and the dramatically en-
hanced light harvesting capability of the collective
plasmon excitations.1�3 However, in order to exploit
these advantages we need to understand the physical
processes behind plasmon-induced hot carrier genera-
tion. This requires the development of an appropriate
theoretical framework, which despite the significant
experimental effort, is still not complete.42�46

In this article we develop a simplemodel to describe
the generation of plasmon-induced hot carriers in
silver nanoparticles andnanoshells. Themodel is based
on describing the conduction electrons of the metal as
free particles and then analyzing the plasmon-induced
dynamics using Fermi's golden rule. Interestingly, we
find that the inclusion of many-body interactions only
has a minor impact in the results. Using this model,
we calculate the number of hot carriers generated per
unit time as a function of the illumination frequency,
obtaining a spectral profile that closely follows the plas-
monic spectrum. Furthermore, we find that the number
and the energy distribution of these excitations depend
strongly on the size of the nanoparticle and on the carrier
lifetime. In order to quantify the efficiency of the process,
we introduce a figure of merit that measures the number
of high energy carriers generated per plasmon. We
complete our analysis by investigating the spatial distri-
bution and the directionality of these excitations.

RESULTS AND DISCUSSION

Description of the Model. The system under study is
depicted in Figure 1(a). We consider a silver nano-
particle with a diameter D ranging from 5 to 25 nm.
We model the conduction electrons of this system as
free particles in a finite spherical potential well with a
depth V0, which is chosen to ensure an appropriate
workfunction (4.5 eV) for silver. Using this potential
we solve the corresponding Schrödinger equation (see
Methods) to obtain the electron energies εi and wave
functions Ψi(r). In our model we only consider the
conduction electrons of themetal, which is a very good
approximation for silver since in this material the
energy difference between the d-band electrons and
the Fermi level is larger than the plasmon energy.
However, in other materials such as gold, electrons
from the d-band can contribute significantly to the hot
carrier generation process.16 Furthermore, we assume
that the particle is illuminated with a linearly polarized
electric field oscillating at frequencyω (see Figure 1(a)),
which corresponds to a wavelength λ = 2πc/ω. Since
the relevant wavelengths are much larger than the
particle sizes studied here (i.e., λ . D), we can neglect
phase retardation effects and work in the quasi-static
regime. Within this limit, it is sufficient to consider the
electric potential associated with the field, which in
turn can be assumed to be uniform over the particle
size. By doing so, the potential corresponding to the
external field can be written as Vext(r,ω) = �E0r cos θ,
where E0 the field amplitude, r the radial distance,

Figure 1. Plasmon-induced hot electron production in a silver nanoparticle. (a) Schematic representation of the systemunder
study.We consider a silver nanoparticle of diameterD. Wemodel the conduction electrons of this structure as free particles in
a finite spherical potentialwell of depthV0 and radius equal toD/2. (b) Number of hot electrons generatedper unit of time and
volume as a function of the frequency of the external illumination. We plot this magnitude for different nanoparticle
diameters ranging from 5 to 25 nmusing the energies andwave functions obtainedwith a free electronmodel (red lines) and
with a density functional theory (DFT) approach (blue lines) (seemain text formore details). In all cases the hot carrier lifetime
is assumed τ = 0.5 ps and the intensity of the external illumination is 1 mW μm�2. All curves offset for clarity. (c) Normalized
absorption for the silver nanoparticle calculated in the quasi-static limit.
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and θ the polar angle. The external illumination results
in the excitation of a plasmon in the nanoparticle
whose induced electric potential is Vp(r,ω) = (ε � 1)/
(ε þ 2)E0r cos θ inside the metal, and Vp(r,ω) = (ε � 1)/
(ε þ 2)D3/(8r2)E0 cos θ outside. Here, ε is the dielectric
function of silver, which we describe using the Drude
model47 ε = εb � ωpl

2 /ω/(ω þ iγ), with a background
dielectric function εb = 4.18, a plasma frequency ωpl =
9.07 eV, and a plasmon damping of γ = 60 meV. These
values are chosen to accurately reproduce the experi-
mental permittivity in the frequency region of interest
(≈ 3�4 eV). In our semiclassical model, we treat the
plasmon excitation as a classical field. Although plas-
mon modes strictly speaking are quantummechanical
bosonic excitations with an energy dispersion given
by pωp(nþ (1/2)), where ωp is the plasmon frequency,
the cross sections for excitations of bright plasmon
modes are typically so large that the plasmon is excited
to a sufficiently large quantum number n that the
plasmon field can be treated classically.

Hot carriers are generated by the action of the
external and the plasmon-induced electric potentials,
which interact with the conduction electrons of silver,
inducing transitions from an initial state Ψi, located
below the Fermi level, to a final state Ψf above it.
During this transition, the plasmon occupation number
in the particle is reduced by one unit (i.e., n f n � 1).
This process creates two excited carriers: a hole in state
Ψi, and an electron in the stateΨf. In a situation where
the energy difference between the excited electron or
hole and the Fermi level has a larger magnitude than
the energies of the relevant thermal excitations, these
carriers are referred to as hot electrons or holes or both.

The Hamiltonian that describes this process can be
written as

H ¼
Z

dr[V(r,ω)þ V�(r,ω)]∑
i, f
Ffi(r)b

†
f bi

Here, V(r,ω) is the total potential (i.e., Vext þ Vp), Ffi(r) =
eΨf

*(r)Ψi(r) where e is the elementary charge, and
bi
†(bi) is the operator that creates an electron (hole) in

state Ψi. Using this Hamiltonian, the probability per
unit time of exciting a hot electron in state f can be
calculated using Fermi's golden rule48

Γe(εf ,ω) ¼ 4
τ∑i

F (εi)[1 �F (εf )]
jMfi(ω)j2

(pω � εfþεi)
2 þ p2τ�2

(

þ jM�
if (ω)j2

(pωþεf � εi)
2 þ p2τ�2

)
(1)

where F is the Fermi�Dirac distribution function,
in which for simplicity we assume zero temperature,
Mfi =

R
drV(r,ω)Ffi(r) is the transition matrix element,

andwehave includeda factor of 2 to account for the spin.
Theprobability per unit timeof exciting ahothole in state
f (i.e., Γh(εf,ω)) can be directly obtained by interchanging
the subscripts i and f in eq 1 after the summation symbol.

It is well-known49�52 that after being generated, the
hot carriers thermalize through electron�electron and
electron-surface scattering, and eventually cool down
via electron�phonon scattering, releasing their energy
to the lattice and heating up the particle. We effectively
incorporate all these decay mechanisms through the
introduction of a finite lifetime τ for the hot carriers.
This is done here by replacing the Dirac delta function
of Fermi's golden rule with a Lorentzian function of
width τ�1. This finite lifetime is needed to obtain a
realistic description of the electronic structure and
density of states and plays a crucial role in the hot
carrier generation process that will be discussed in the
following sections. We note that the physics under-
lying this broadening relates to processes that happen
after the initial formation of hot carriers and that τ in
principle could be calculated by directly including
electron�electron and electron�phonon interactions. It
is important to remark that this excited carrier lifetime τ is
physically distinct from the plasmon damping γ, which
determines the lifetime of the plasmon excitation.

The model presented here involves three main
approximations: (i) the hot carrier lifetime τ effectively
accounts for all possible hot carrier decaymechanisms;
(ii) the electrons are assumed to remain in their ground
state even when a plasmon is excited; and (iii) the
plasmon is assumed to lose only a single plasmon
quantum during each hot carrier generation process.
These assumptions are realistic given the short lifetime
(≈ 10 fs) of the plasmon excitation, the large cross
section for plasmon excitation that results in plasmons
being excited to high quantum numbers n, and the
sequential nature of nonradiative plasmon decay.

The small size of the particles under study makes
the radiative decay channel negligible. This means
that all energy absorbed by the particle from the
external illumination must be dissipated into hot
carriers. The power absorbed by the nanoparticle,
Pabs = (ω/4)D3Im{(ε � 1)/(ε þ 2)}E0

2, is controlled by
the parameters of the Drude model and the geometry
of the nanoparticle. For this reason, conservation of
energy must be imposed in our model by rescaling the
generation rate (i.e., eq 1) with an appropriate factor
calculated as the ratio between the power absorbed
and the power dissipated in the hot carrier generation.

We note that with the incorporation of an effective
lifetime τ of the excited carriers, the model developed
here allows us to compute the steady state hot carrier
distribution during continuous light illumination. The
results presented in this paper thus provide a quanti-
tative description for the case of pulsed illumination
as long as the duration of the pulse is larger than τ.
More importantly, our model provides a basis for the
modeling of the time dependent relaxation of excited
carriers. By reducing the effective lifetime τ to its natural
line width, eq 1 would describe the instantaneous
carrier generation from plasmon decay in the system.
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The dynamics of the excited carriers can then be followed
by coupling the various excitations in the system. In such
an approach, it will be possible to assess the relative
importanceandtimescalesofelectron-impurity, electron�
electron, and electron�phonon interactions.

Size and Lifetime Dependence. Figure 1(b) shows the
total number of hot electrons generated per unit of
time and volume as a function of the frequency of the
external illumination. We calculate the hot electron
production rates for nanoparticles of different dia-
meters using eq 1 by summing over all possible final
states. In all cases, we assume an illumination intensity
of 1 mW μm�2 and a hot carrier lifetime of τ = 0.5 ps.
The results plotted with red lines have been obtained
using the free electron wave functions and energies, as
explained in the previous section. We compare them
with equivalent calculations (blue lines) in which we
use wave functions and energies that incorporate
many-body effects as included within the density
functional theory (DFT) methodology (see Methods).
From this comparison we conclude that such ex-
change-correlation effects have only a minor impact
on the hot carrier generation and therefore can be
ignored at the present level of approximation. We
expect to find even better agreement in materials with
larger workfunctions and smaller plasmonic energies,
for which the relevant electronic states lay deeper in
the potential well. Interestingly, the number of hot
electrons generated closely follows the absorption
spectrum with some oscillations originated from the
discreteness of the electronic levels of the nanoparticles
(cf. Figure 1(b,c)). Since the optical absorption in these
systems is totally controlled by the supported plasmons,
the peaking of the hot electron production rate at the
plasmon resonance confirms the dominant role played
by these excitations in the generation of hot carriers.
Clearly, the excitation of plasmons, with their strong asso-
ciated near-fields and dramatically enhanced absorption

cross section, enhances the hot carrier generation by
several orders ofmagnitude compared to direct excitation
of hot electrons by the external field.

Keeping in mind the potential applications of plas-
mon-induced hot carriers, it is important to investigate
not only the total number of carriers generated at a
certain frequency, but also their energy distribution.
This is done in Figure 2, where we plot the energy of
the hot carriers generated by silver nanoparticles with
diameters of 15 nm (panel (a)) and 25 nm (panel (b)).
We perform this calculation for the plasmon frequency
(pωp = 3.65 eV) at which the absorption reaches its
maximum (see Figure 1(c)) using four different hot
carrier lifetimes τ. So far (e.g., in Figure 1(b)), we have
considered a hot carrier lifetime of τ = 0.5 ps, to be
consistent with other theoretical studies.44�46 How-
ever, we note that experimental measurements of
excited carrier lifetimes have shown that hot carrier
lifetimes can range from0.05 to 1 ps.49�52 Interestingly,
the actual value of the lifetime τ turns out to be of
crucial importance since, as shown in Figure 2, the
energy distribution of the hot carriers change drama-
tically as this magnitude is varied within that range.
In particular, long lifetimes result in the generation of
carriers with large energies, which can be a significant
fraction of the excitation frequency (pω = 3.65 eV).
On the contrary, smaller values favor the generation
of carriers with close to thermal energies (i.e., near
the Fermi level). A similar behavior is observed when
the size of the nanoparticle is varied, keeping the life-
time fixed. In this case, larger diameters produce less
energetic carriers and vice versa (cf. panels (a) and (b)
of Figure 2). The origin of this behavior can be traced
to the density of electronic states of these systems.
Specifically, systems with a finite number of electrons
have a finite number of energy levels and therefore, a
discrete density of states. However, a finite lifetime
introduces a level broadening inversely proportional

Figure 2. Hot carrier distribution.Weplot the number of hot electrons (red lines) and hot holes (blue lines) generated per unit
of time and volume as a function of their energy. We consider four different hot carrier lifetimes τ ranging from 0.05 to 1 ps,
and twonanoparticle diameters:D=15nm (a), andD=25nm (b). The frequencyof the external illumination isfixed to 3.65 eV,
which corresponds to the plasmon frequency and therefore to the maximum absorption (see Figure 1(c)). Zero energy refers
to the Fermi level.
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to its value. As a result of this, the density of states is
turned into a continuous distribution that becomes
more homogeneous as the lifetime decreases or the
particle size increases, and therefore the number of
states increases. A larger homogeneity favors the con-
tribution of transitionswith largematrix elements, even if
they are out of resonance (εf� εi, pω), over transitions
satisfying the resonance condition (εf � εi ≈ pω).

Since the total amount of energy dissipated in the
carrier generation is fixed by the optical absorption of
the nanoparticle, situations in which hot carriers are
generated with energies close to the Fermi level must
be associated with larger production rates. Similarly,
high energy hot carriers are generated in smaller
numbers. This is clearly corroborated by the results
shown in Figure 3, where we analyze hot carrier pro-
duction of a D = 15 nm (panel (a)), and a D = 25 nm
(panel (b)) silver nanoparticles as a function of the
external illumination frequency. We observe that short-
ening the lifetime or increasing the particle diameter
results in a larger number of carriers generated. At
the same time, the spectral profile becomes smoother
reflecting the increasing homogeneity of the electronic
density of states.

Quantifying the Hot Carrier Generation Efficiency. As dis-
cussed in the introduction, the plasmon-induced hot
carriers can be used in numerous applications. In order
to exploit this process, it is important to have a metric
that allows for the quantification of the efficiency of
different plasmonic systems to generate useful hot car-
riers. Here we propose a figure of merit (FoM) N e(ε)
defined as the number of hot electrons generated per
each plasmon excited in the system that have an energy
(measured with respect to the Fermi level) larger than a

certain threshold ε. This quantity can be written in terms
of the generation rate eq 1 and the absorbed power as

N e(ε) ¼ pωp ∑
εfgε

Γe(εf ,ωp)=Pabs (2)

Obviously, a similar expression can be defined for the
case of hot holes (with energies also measured with
respect to the Fermi level), in which Γe(εf,ωp) is substi-
tuted by Γh(εf,ωp) and the summation is performed over
states with an energy below �ε.

Figure 4 shows the FoM N e(ε) calculated as a
function of the particle diameter for four different hot
carrier lifetimes. In panel (a) the value of the energy
threshold is ε = 0.2pωp, while in panel (b) we chose ε =
0.5pωp. Comparing the two panels we observe that, as
expected from its definition, the value of N e(ε) drops
as the energy threshold is increased. Furthermore,
we note that the efficiency of the carrier generation
depends strongly on both the particle size and the
carrier lifetime. As a general trend, the efficiency
decreases with increasing diameter and increases with
increasing lifetime. However, the situation is reversed
for the smallest diameter under consideration (D =
5 nm). This anomalous behavior is most likely related
to the discreteness of the electronic density of states of
this small system, which is not efficiently compensated
by the finite carrier lifetime τ.

Directionality and Spatial Distribution of Hot Carriers. The
plasmon-induced hot carriers are not distributed
uniformly across the nanoparticle volume. On the
contrary, their spatial distribution is determined by
the electronic wave function of the final state of the
transition that generates them. Figure 5(a) shows the
hot electron density distribution in a silver nanoparticle

Figure 3. Effect of the hot carrier lifetime τ. Number of hot
electrons generated per unit of time and volume as a
function of the frequency of the external illumination for
different hot carrier lifetimes τ ranging from 0.05 to 1 ps.
Panel (a) shows the results for a nanoparticle diameter of
D = 15 nm and panel (b) for D = 25 nm.

Figure 4. Efficiency (FoM) of the plasmon-induced hot
carrier generation. (a) Number of hot electrons generated
per each plasmon excited in the system that have an energy
larger than ε = 0.2pωp. (b) Same as panel (a) with ε = 0.5pωp.
In both cases we plot the FoM as a function of the nano-
particle diameter for four different hot carrier lifetimes τ
(see legend).
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with D = 25 nm at the plasmon frequency (pωp =
3.65 eV) for two different carrier lifetimes τ = 0.5 ps (red
lines, left scale) and τ = 0.05 ps (blue lines, left scale).
The solid lines show the local hot electron density
along the axis parallel to the polarization of the ex-
ternal field. The dashed curves show the correspond-
ing quantity in the perpendicular direction and are
smaller by approximately a factor of 2. These results
show that the hot carriers are primarily generated in
the region of the spherewhere the field enhancements
are large, i.e., along the polarization direction. Interest-
ingly, shorter carrier lifetimes results in more homo-
geneous spatial distributions, similar to the ground
state (black line, right scale), due to the contribution
of a larger number of states with smaller energies.
Although the hot electrons are confined to the metal
nanoparticle, we expect that due to their high energy
they will extend further outside the nanoparticle than
the ground state electrons. This is clearly shown in
Figure 5(b) where we compare the decay of the spatial
distribution of the hot electrons outside of the nano-
particle with electron spill-out of the conduction elec-
trons of a nanoparticle in its ground state.

Plasmon-Induced Hot Carriers in Nanoshells. As discussed
in previous sections, the spectral profile of the hot
carrier generation rate essentially follows the absorp-
tion spectrum of the nanoparticle (see Figures 1(b,c)).
In the case of small spherical nanoparticles, as the ones
considered here, the plasmon resonance is determined
exclusively by the material parameters and cannot
be tuned. However, in practical applications it is crucial
to be able to tune the energies of the hot carriers.
A suitable alternative nanoparticle is themetallic nano-
shell, whose plasmonic response is highly tunable and
can be adjusted by changing the values of the inner
and outer diameters.53 We explore this possibility in
Figure 6(a), where the solid blue line (left scale) shows
the number of hot electrons generated per unit of
time and volume for a nanoshell with inner and outer

diameters of 15 and 25 nm, respectively, calculated as a
function of the frequency of the external illumination.

Figure 5. Directionality and spatial distribution of hot carriers. (a) Local density of hot electrons generated in a silver
nanoparticle of D = 25 nm at the plasmon frequency (i.e., 3.65 eV) calculated along the axis parallel (solid lines, left scale) and
perpendicular (dashed lines, left scale) to the external field polarization. We plot this density for two different hot carrier
lifetimes: τ = 0.5 ps (red lines) and τ = 0.05 ps (blue lines). For comparison, we also show the ground state density (black line,
right scale). (b) Comparison of the spill-out of the hot electron (red and blue lines) and the ground state (black line) densities
along the axis parallel to the external field polarization. In this case the densities are normalized to their maximum value.

Figure 6. Plasmon-induced hot electrons in nanoshells. (a)
Number of hot electrons generated per unit of time and
volume as a function of the external illumination frequency
for a nanoshell with inner and outer diameters of 15 and
25 nm, respectively (blue solid line, left scale). We compare
the results for the nanoshell with those obtained for a nano-
particle of D = 25 nm (red solid line). The absorption associ-
ated with these nanostructures is plotted using dashed
lines (right scale). (b) Hot carrier spectrum for the nanoshell
(blue curve) and the nanoparticle (red curve) of panel (a),
calculated at the plasmon frequency (pωp = 3.28 eV for the
nanoshell and pωp = 3.65 eV for the nanoparticle). The hot
carrier lifetime is fixed to τ= 0.5 ps. Zero energy refers to the
Fermi level.
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This hot electron generation rate clearly follows the
absorption profile (blue dashed line, right scale), and is
strongly red-shifted with respect to the case of a solid
nanoparticle with D = 25 nm (red lines). The shift, as
discussed before, can be adjusted by changing the
ratio between the inner and outer diameters. Interest-
ingly, we find that the nanoshell presents a larger gen-
eration rate per unit of volume than the solid spherical
nanoparticle. This is corroborated by the results shown in
panel (b), where we have plotted the carrier energy
distribution for these two nanostructures at the plasmon
frequency (pωp = 3.28 eV for the nanoshell and pωp =
3.65 eV for the nanoparticle). However, although the
nanoshell produces a larger number of carriers, when
we calculate its efficiency using the FoM defined in eq 2
we find the values: N e(ε = 0.2pωp) = 0.84 and N e(ε =
0.5pωp) =0.73,whichare similar to thoseobtained for the
nanoparticle (see Figure 4).

CONCLUSIONS

We have developed a simple model for the descrip-
tion of the plasmon-induced hot carrier generation
process in metallic nanoparticles. The model is based
on describing the conduction electrons of the metal as
free particles in an spherical potential well and then
using Fermi's golden rule to calculate hot carrier
generation rate induced by the plasmon decay. By
substituting the free electron wave functions and
energies with those obtained with a DFT methodology
we have explicitly shown that many-body effects have

only a minor influence on the carrier generation. Using
our model we have calculated the number of carriers
generated as a function of the frequency of the external
illumination and found that this property follows the
absorption profile determined by the plasmon reso-
nance. Furthermore, our analysis has revealed that the
particle size and the hot carrier lifetime strongly influence
the production rate and the energies of the generated
hot carriers. In particular, we have found that larger sizes
and shorter lifetimes result in higher hot carrier produc-
tion rates but smaller hot carrier energies, and vice versa.
In order to quantify the hot carrier generation efficiency
of a certain nanostructure we have introduced a figure of
merit defined as the number of hot electrons (or holes)
generated per each plasmon excited in the system with
an energy larger than a certain threshold. We have also
analyzed the spatial distribution of the hot carriers
showing that theyarepredominantly concentratedalong
the direction parallel to the polarization of the external
field, and that they extend further out from the nano-
particle than the unperturbed electron distribution. Ad-
ditionally, we have studied the hot carrier generation in a
nanoshell, which has allowed us to show that by adjust-
ing the size and the thickness of this nanostructure it is
possible to tune the energy of the plasmon-induced hot
carriers. Our results provide a solid theoretical back-
ground for understanding of the plasmon-induced hot
carrier generation process and will allow for the design
and optimization of novel devices capable of fully ex-
ploiting the properties of these excitations.

METHODS
Free Electron Model. Within this approximation the electrons

are regarded as free particlesmoving in a finite spherical potential
well. The energy ε and thewave functionΨof these electrons can
be obtained by solving the following Schrödinger equation

� p2

2m
1
r2

D
Dr

r2
DΨ
Dr

� �
þ L2

2mr2
Ψþ V(r)Ψ ¼ εΨ

where L2 represents the square of the angular momentum
operator whose eigenvalues are p2l(lþ 1),m is the electronmass,
and V(r), which is equal toV0 inside the nanoparticle and vanishes
outside, defines the potential well. The value V0 is chosen to
obtain the correct workfunction for silver (4.5 eV). Because of the
spherical symmetry of the system, the wave functions can be
factored into a radial part, R(r), and an angular part given by the
spherical harmonics, Yl

m(θ,φ). Upon factorization, we only need to
solve the radial Schrödinger equation

r2
d2

dr2
þ 2r

d
dr

� 2
r2m

p2
[V(r) � ε] � l(lþ 1)

 !
R(r) ¼ 0: (3)

The general solution to eq 3 are the spherical Bessel functions of
the first kind jl(Rr) inside the particle boundary and the spherical
Hankel functions of the first kind hl(iκr) outside the particle
boundary with R = (�2m/p2(V(r) � ε))1/2 and κ = (�2m/p2ε)1/2.
By imposing continuity and differentiability at the surface, the full
spectrum of wave functions and energies is found.

DFT Formalism. The free electron model, as its own name
indicates, neglects any interaction between the electrons.
Therefore, in order to incorporate many-body effects for the

conduction electrons we employ Kohn�Sham orbitals taken
from density functional theory (DFT) calculations. In particular,
we follow a methodology previously described54 in which the
ground state wave functions and energies are found by solving
eq 3 with V(r) = Veff(r), which now includes a background
pseudopotential V0, the Hartree potential, and the exchange
correlation potential Vxc

Veff (r) ¼ V0(r)þ
Z

n(r0) � n0(r0)
jr � r0j dr0 þ Vxc[n(r)]

Here, n(r) is the electron density and n0(r) is the positive
pseudoionic density associated with the jellium model. Again,
V0 is adjusted to recover the correct workfunction of silver, 4.5 eV.
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