


Abstract

Dynamics of plasmon-induced hot carriers in metallic nanoparticles

by

Jun Liu

Plasmon-induced hot carrier has attracted a lot of interests due to

the extraordinary applications on hydrogen photocatalysis and solar en-

ergy harvesting. Although many great features about hot electrons have

been researched through previous papers, their generation process and

dynamics of them are still less understood by us. A more comprehensive

and reasonable theoretical model is highly needed to construct the basic

framework to predict and explain the behavior of such hot carriers.

In this thesis, we develop a theoretical model for the hot carrier dy-

namics by using a silver nanosphere of which the conducting electrons are

treated as free electrons in a finite spherical potential well. We then cal-

culate the plasmon-induced hot carrier generation rate by using Fermi’s

golden rule. We are able to show that the many-body interactions during

generation have merely a small effect on the results by comparing with

density functional methods (DFT). Our research shows that the size of

particle and the lifetime of hot carrier play an important role in determin-

ing both the production rate and the energy distribution of hot carriers.

Larger nanoparticle sizes and shorter lifetimes will lead to higher carrier

production rates but smaller energies.



After excitation, the master equations are employed to obtain the

time-dependent evolution of carrier occupations in each quantum state,

involving the electron-electron, electron-photon and electron-phonon in-

teractions. The electron-electron interaction is proved to be the most

essential one during the entire decay of energetic hot carriers. In order to

use this method to larger systems and make it capable for nanoparticles

of different shapes, we parameterize the electron-electron interaction, and

produce almost the same dynamics process fantastically compared with

that under calculations with exact transition matrix elements, indicating

its validity throughout the energetic decay evolution. Then, with the help

of parameterization, we are able to calculate the energy distribution of hot

carriers and corresponding photoluminescence as function of time, based

on which we obtain the lifetime for hot carriers in different energy ranges.

Moreover, we also consider the continuous illumination and discuss the

effect of Purcell factor for blue shift of photoluminescence. At last we

discuss the tunability of photoluminescence profile using nanorod, and

calculate the influence of photon density of states on photoluminescence.
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Chapter 1

Introduction

Similar but not the same as plasma in space, plasmon is collective movement of

electrons inside metallic particles. Because of their exceptional ability to capture far-

field radiation and concentrate into sub-wavelength volumes well below the diffraction

limit,[1, 2] then producing strong near-fields which result in extreme electrical field

enhancements, [3] plasmon is becoming an essential element in nanophotonics. These

excellent properties have boosted the development of novel applications in various

areas such as ultrasensitive biosensing,[4, 5, 6, 7] photothermal cancer therapy,[8, 9]

drug delivery,[10, 11] or improved photovoltaic devices.[12, 13, 14, 15, 16, 17]

Surface plasmons have a very short lifetime after they decay either nonradiatively

by generating electron hole pairs, or radiatively by emitting a photon.[18, 19, 20] The

radiative decay channel was extensively utilized in the past years for optimization, for

example, efficient nano-antennas being able to enhance and direct the radiation of a

single quantum emitter. Recently, a lot of research efforts have been made to explore

the hot carriers generated by the non-radiative decay in many experiments.[21, 22]

These hot electrons can be used to induce chemical reactions in molecules on the

surfaces of plasmonic nanostructures. It will otherwise be very energetically de-

manding .[23] Different experiments involving hydrogen dissociation,[24, 25] water
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splitting,[26, 27, 28, 29, 30, 31] and generation of hydrogen from ethanol[32, 33] have

already been demonstrated, thus boosting the growth of this new area of plasmon

enabled photochemistry.[34, 35] Plasmon-induced hot carriers also offer an efficient

mechanism to convert light to electric current[36, 37, 38] which can be used for de-

veloping alternative solar energy harvesting device,[39, 40] or for designing efficient

photo-detectors with spectral responses small band-gap limitations.[41, 42, 43] These

exciting application can also be injected into other materials, such as graphene, thus

enabling plasmon-induced phase transition and doping mechanisms.[44, 45, 46]

For noble metallic nanoparticles with subwavelength size, the hot electrons are

always generated efficiently through the plasmon decay process rather than direct

excitation driven by the incident light, because of strong plasmon resonance and the

quantum confinement effect rising to a non-radiation dominant decay process.[47,

48] The rapid relaxation provides a new way to heat the nanostructure efficiently

by considering the lifetime of hot electrons is usually very short.[49] More recently,

delightful experiments showed that plasmon-induced hot carriers play a significant

role in the photoluminescence of nanoparticle where two-photon excitation process

can be involved.[50]

Many studies on hot electrons is about the application, and very few theoret-

ical works gave insight on the generating mechanism of such plasmon-induced hot

electrons.[51, 52, 53, 54, 55, 56] The energy distribution of hot carriers can be ob-

tained once the nanoparticle is illuminated, but it is still novel how these hot carriers

decay and give rise to the photoluminescence. Of more importance, a dynamic and

comprehensive study of lifetime of hot electrons is still missing which is crucial for

hot electron utilizations. Meanwhile, the photoluminescence process remains novel

nowadays, and a new theory with all is in an urgent need. Previously, we show the

generating rate reaches the largest efficiency at the plasmon resonance energy, here we
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extend our work to the dynamics of hot electron decay process, from which the lifetime

can be extracted naturally, and involve electron-electron scattering, electron-phonon

interaction as well as electron-photon interaction, whose timescales were studied long

time ago but havent been incorporated into the dynamics evolution of hot electrons

so far.

In this thesis we develop a simple model to describe both the generation and

the dynamics of plasmon-induced hot carriers in silver nanoparticles and nanoshells.

The model is based on explore the conduction electrons of the metal as free moving

electrons and then analyzing the plasmon-induced dynamics using Fermi’s golden

rule. Interestingly, we finally find that including many-body interactions only has

very small impact on the results. by using this model, we calculate the number of hot

carriers generation rate as a function of the excitation frequency, obtaining a spectral

curve which almost follows the original plasmonic spectrum. Furthermore, we find

out that the number and the energy distribution of these excitations strongly depend

on the size of the nanoparticle and on the lifetime of the hot carrier. In order to

test the efficiency of the generation, we introduce a figure of merit which measures

how many higher energy carriers generated per plasmon. We compute our analysis

by investigating both the directionality of these plasmon excitations and the spatial

distribution.

Furthermore, we continue to extend this model with more kinds of interactions to

depict the different decay channels of hot carriers inside nanoparticle upon illumina-

tion, and focus on the dynamic evolution of hot carriers in the presence of electron-

electron scattering, electron-phonon interaction and also electron-photon interaction.

A parameterization procedure is introduced for the electron-electron scattering pro-

cess, in which the rates are assumed to be a function of energy difference between

scattered states. With the help of parameterization, the dynamics evolution is ob-
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tained under a shorter computation time, and the theory can be applied to larger

systems of different shapes provided the energy bands are given. When the nanopar-

ticle is illuminated by a laser beam of certain energy, using this model we can calculate

the energy distribution of plasmon-induced hot carriers during the decay as a function

of time by employing master equations. Since we know the electronic structure at

any time within the frame, the lifetime of hot electrons can be extracted directly from

the evolution and the luminescence is calculated through the spontaneous emission

process. At last, we calculated the luminescence under steady states when the light

keeps on shedding the nanoparticle, and discussed the changes of the luminescence

peak energy and the intensity of incident light.



Chapter 2

Quantum description for plasmon-induced hot

carriers

In this chapter, we discuss the basic quantum model for electronic states by using

a standard spherical quantum well. The conducting electrons are treated as free

electrons. The semi-classical treatment for plasmon is applied as the potential term

in Fermi’s golden rule.

To prove the validation of the free electron assumption, we also benchmark it

against a time dependent density functional method (TDDFT).

2.1 Electronic states for free electrons

The finite spherical potential well is analytical solvable for Schrödinger equation. For

free-electron model, the potential is simply a Heaviside step function,

V =


V0 r < R

0 r > R

(2.1)

where R is the radius of the nanoparticle, V0 is the depth of the quantum well.
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Figure 2.1: Finite spherical well. V0 is the potential bottom and R is the radius of
the nanoparticle.

With this approximation the electrons are treated as free electrons moving in

a finite spherical potential well. The energy E and the wave function Ψ of these

electrons can be got by solving Schrödinger equation,[57]

− h̄2

2m

1

r2
∂

∂r

(
r2
∂Ψ

∂r

)
+

L2

2mr2
Ψ + V (r)Ψ = EΨ (2.2)

where L2 is the square of the angular momentum. Their eigenvalues are l(l + 1)h̄,

m is the electron mass, The value V0 = −10eV is chosen to obtain the correct work-

function for silver (4.5 eV). Because the this system has a spherical symmetry, the

wave functions are able to be factored into a radial part R(r) and and an angular

part i.e. spherical harmonics Y m
n (θ, φ). At last, we only need to solve the radial part

of the Schrödinger equation,

(
r2

d2

dr2
+ 2r

d

dr
− 2

mr2

h̄2
[V (r)− E ]− l(l + 1)

)
R(r) = 0 (2.3)
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The general solution of these equation is first kind of spherical Bessel function for

inside sphere and spherical Hankel function with pure imaginary arguments for outside

sphere.

REl(r) =


Ajl(αr) r < a

Bhl(iκr) r > a

(2.4)


α =

√
2m(E − V0)

h̄2

κ =

√
−2mE
h̄2

(2.5)

By using continuity and differentiability at the surface, the full spectrum of wave

functions and energies is found.

Fl(E) = αj
′

l(αa)hl(iκa)− ikh′l(iκa)jl(αr) = 0 (2.6)

We solve the zero point E for a certain l by using bisection method. For each zero

point El has a degeneracy of 2(2l + 1), which builds a branch of density of states

(DOS).

To compare with the DOS in free space, we do the convolution of the discrete

spectrum with Gaussian function of width 0.1eV.

D(E) =
∑
i

D(Ei)g(Ei − E) (2.7)

where g(x) is a Gaussian function.
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Figure 2.2: Density of states for free electrons. The first figure is the discrete electronic
states, the second one is the convoluted one. The red line is the Fermi level.
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2.2 Semi-classical description for plasmon inside

nanoparticles

we assume that the particle is excited with a linearly polarized electric field oscillating

at frequency ω, corresponding to a wavelength λ = 2πc/ω. Since the wavelength of

excitation light is much larger than the size of the particle (λ � R), we are able to

dismiss the phase radiative effect and focus on the quasi-static regime. Within this

limit, it is sufficient to consider the electric potential related to the field, which can

be assumed to be uniform over the particle size. Thus, the potential of the external

field can be written as

Vext(r, ω) = −E0rcosθ (2.8)

where E0 is the field amplitude, r is the radial distance, θ is the polar angle. The

external illumination excites a plasmon in the nanoparticle. The induced electric

potential is

Vind(r, ω) =


ε− 1

ε+ 2
E0rcosθ r < R

ε− 1

ε+ 2

R3

r2
E0rcosθ r > R

(2.9)

where ε is the dielectric function of silver. Usually, the dielectric function is given

by Drude model,[58]

ε = εb −
ω2
pl

ω(ω + iγ)
(2.10)

where εb = 4.18 is the background dielectric, ωpl = 9.07eV is the bulk plasma

frequency, γ = 60meV is the plasmon damping term. These values are chosen to

reproduce the experimental permittivity within the frequency range of our interest
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(3 ∼ 4 eV). In this semi-classical model, we treat the plasmon excitation as a classical

electric field. Although plasmon modes rigorously speaking are quantum mechanical

excitations with an energy dispersion given by

h̄ωp(n+
1

2
) (2.11)

where ωp is the plasmon frequency. The cross sections for excitations of bright

plasmon modes are usually too large that the plasmon is excited to a enough large

quantum number n so that the plasmon field can be treated classically.

The plasmon-induced electric potentials and the external interact with the con-

duction electrons of silver. Then the system generates hot electrons. They can be

regarded as transitions from an initial states Ψi below Fermi level to a final state

Ψf above Fermi level. During this transition, the plasmon occupation number in the

particle is reduced by one (n → n − 1). The process creates two excited carriers:

a hot hole in state Ψi and a hot electron in state Ψf . In this situation where the

energy difference between the excited electrons or holes and the Fermi level is larger

than the energy of the relevant thermal excitation, these carriers are referred to as

hot electron or hole or both.

The Hamiltonian of such process can be written as

H =

∫
dr [V (r, ω) + V ∗(r, ω)]

∑
i,f

ρfi(r)b
†
fbi (2.12)

where V (r, ω) = Vext + Vp is the total potential, ρfi(r) = eΨ∗f (r)Ψi(r), b
†
f is the

operator creating a hot electron in state Ψf and bi is creating a hot hole in state Ψi.

By using this Hamiltonian, the probability per unit time of exciting a hot electron in
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state f can be obtained by using Fermi’s golden rule,[59]

Γe(Ef , ω) =
4

τ

∑
i

F(Ei) [1−F(Ef )]
{

|Mfi(ω)|2

(h̄ω − Ef + Ei)2 + h̄2τ−2

+
|M∗

if (ω)|2

(h̄ω + Ef − Ei)2 + h̄2τ−2

} (2.13)

where F is the famous Fermi-Dirac distribution, here we use the distribution at

zero K, Mfi(ω) =
∫

drV (r, ω)ρfi is the transition matrix element, and also we have

included a factor of 2 for the spin degeneracy. The probability per unit time of

exciting a hot hole in state f can be calculated by replace the subscripts i and f in

(2.13) after the summation.

In particular, Mif can be written as the product of angular part and radial part,

|Mif |2 = | 〈E|V (r) |E ′〉 〈lm| cos θ |l′m′〉 |2 (2.14)

where l and m are spherical quantum numbers. Furthermore, the angular part

actually has an analytical solution,

|〈lm| cos θ|l′m′〉|2 =

∣∣∣∣∣2
√

2π

3

∫
Y −ml Y 0

1 Y
m′

l′ dΩ

∣∣∣∣∣
2

= 2(2l + 1)(2l′ + 1)

 l 1 l′

0 0 0


2 l 1 l′

−m 0 m′


2

=


2

(l −m+ 1)(l +m+ 1)

(2l + 3)(2l + 1)
(l′ = l + 1)

2
(l −m)(l +m)

(2l − 1)(2l + 1)
(l′ = l − 1)

(2.15)

where m′ = m. The final angular part shows that a valid transition must be a

dipole-like transition, i.e. δm = 0 and δl = ±1. This dipole selection rule results
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Figure 2.3: Normalized absorption for the silver nanoparticle calculated in the quasi-
static limit.

from the excitation is a linear polarized wave. For more complicated waves such as

quadrupole-like, we will have a different selection rule.

2.3 Validation of free electron model

In chapter 2.1 amd 2.2, we have built a simple model for both electric states and

plasmon. For silver nanoparticles, it is good to assume that only conducting electrons

play an important role during hot carrier generation, because the energy difference

between the d-band electrons and Fermi level is larger than the its plasmon resonance

energy. The absorption figure shows the plasmon energy for silver is almost 3.65 eV,

while the d-band depth is larger than 4 eV. That means for silver the d-band electrons

can never excited above Fermi level. However, in other materials such as gold whose

d-band top is only 1 or 2 eV below the Fermi level, electrons from the d-band can

contribute significantly to this hot carrier generation process.

Another assumption is the τ in (2.13), which is the effective lifetime of hot carriers.

After being generated, the hot carriers will thermalize through electron-electron and
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Figure 2.4: Schematic plot for density of states for gold particles. The blue dashed
line is Fermi level. The d-band top is about 2 eV below Fermi level.

electron-phonon scattering, and in the end cool down by electron-phonon scattering,

passing their energy to the lattice and heating up the entire particle.[60, 61, 62, 63]

During generation, we will not talk about these interactions. We will discuss these

for decay stage in the following chapters. Thus here we effectively describe all these

decay mechanisms by introducing a finite lifetime τ for the hot carriers. That is done

here by change the delta function of Fermi’s golden rule to a Lorentzian function

of width τ−1. This finite lifetime is necessary to obtain a realistic description of

the density of states and electronic structure and plays an important role in the hot

carrier generation process that will be discussed in the following chapters. We claim

that the physics behind this broadening of delta function relates to processes that

happen after initial excitation of hot carriers. τ in principle, could be calculated by

including electron-electron and electron-phonon scattering. It is also important to

mention that this excited carrier lifetime τ is fundamentally different from plasmon

damping γ, which is the lifetime of the plasmon excitation.

Since there are two channels for plasmon decay inside nanoparticles, one is ra-

diative decay, another is hot carriers. How about the proportion of radiative decay?
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Luckily, the small size of the particles under study makes the radiative decay chan-

nel negligible. That means that all the energy absorbed by the particle from the

external illumination will be dissipated into hot carriers. The power absorbed by the

nanoparticle is

Pabs = 2ωR3Im

(
ε− 1

ε+ 2

)
E2

0 (2.16)

While the radiative decay is through a dipole radiation, i.e. Prad ∼ R6. Thus

when λ � R, radiative decay is very weak. We note that with the incorporation of

an effective lifetime τ of the excited carriers, the model developed here allows us to

compute the initial state hot carrier distribution after a single pulse. Moreover, our

model provides a basis for the modeling of the time dependent relaxation of excited

carriers. in following chapters, we will add other interaction after the illumination

and investigate the dynamics of hot carriers.

For free electron model, the so-called wavefunction actually is only the single

electron wavefunction, which is not multi-particle function. When we calculate the

transition, the final and initial electric states are exactly for single electron transi-

tion. However, in many-body theory, this assumption is very rough that will neglect

some many-body effects. Fortunately, our calculation successfully shows that this

simple assumption works very good for hot carrier generation. We solve the wave-

functions using Kohn-Sham equation taken from time dependent density functional

theory (TDDFT) calculations in order to have a good comparison, .[64, 65, 66, 67, 68]

In TDDFT, the effective potential in Schrödinger equation is

Veff (r) = V (r) +

∫
n(r′)− n0(r

′)

|r − r′|
dr′ + Vxc[n(r)] (2.17)

where n(r) is the electron density, n0(r) is the positive pseudoionic density related
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to the jellium model, Vxc is the exchange correlation potential. The total effective po-

tential is the superposition of background potential, Hartree potential and exchange

correlation potential. In fact, Vxc has no analytical formula, a lot of different forms

of this term are used in DFT theory. Here we employ a local density approximation

(LDA), that Vxc is only a function of electron density n(r). We calculate the number

of hot electrons for nanoparticles with different sizes once we obtain the wavefunction

calculated by TDDFT. The result shows a perfect match, which means the interac-

tions other than electron-photon are generally has less impact on the number of hot

carriers. The free electron model successfully describe the behavior of hot carrier

generation rather than the detail information about plasmon decay, which might be

a more complex mechanism related to Landau damping. Landau damping discusses

a interaction between a particle and a wave, the damping happens almost due to a

mathematical trick.
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Free electron 
Model
DFT Model

Figure 2.5: Hot electrons generation rate as a function of the frequency of the external
illumination. This is plotted for different nanoparticle diameters ranging from 5 to
25 nm for free electron model (red lines) and with a DFT approach (blue lines). In
all the cases the hot carrier lifetime is assumed τ = 0.5ps and the intensity of the
external illumination is 1 mW µm−2.



Chapter 3

Hot carrier distribution and generation efficiency

In this chapter, we will discuss the size and lifetime dependence for hot carrier dis-

tribution, its generation efficiency as well as hot carriers in nanoshells.

3.1 Size and Lifetime Dependence

In chapter 2, the hot electrons generation rate almost follows the absorption spec-

trum with some oscillations originated from the discreteness of the electronic levels

of the nanoparticles. The peak of the hot electron generation rate at the plasmon

resonance plays a dominant role played by these excitations during the generation of

hot carriers, Because the optical absorption in these systems is almost controlled by

their plasmons. The excitation of plasmons is strongly associated near-fields and is

extremely enhanced absorption cross section. Compared with direct excitation of hot

electrons only by external field, it will increase the hot carrier generation by a few

orders of magnitude.

Thinking about the potential applications of plasmon-induced hot carriers, it is

necessary to investigate not only the total number of carriers generated at a particular

frequency, but also their energy distributions. The energy distribution of hot carrier
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Figure 3.1: Hot carrier distribution. The number of hot electrons (red lines) and hot
holes (blue lines) generated per unit time and volume as function of their energy. Four
different hot carrier lifetimes τ vary from 0.05 to 1 ps, and D= 15 nm. Corresponding
to the plasmon frequency and therefore the maximum absorption, the frequency of
the external illumination is fixed to 3.65 eV. Zero energy denoted the Fermi level.

is given by (2.13). We do the calculation for two different size particles with diameter

of 25 nm and 15 nm. We change the lifetime τ from 0.05 ps to 1 ps for every size.

In this chapter, τ is treated as a free parameter, we will have further discussion on

lifetime in following chapters. We note that experimental measurements of excited

carrier lifetimes have shown that hot carrier lifetimes can vary from 0.05 to 1 ps,

though the lifetime τ is unknown at this stage.

Surprisingly, the actual value of the lifetime τ turns out to be the most important

factor. In Figure 3.1 and 3.2, the energy distribution of the hot carriers changes

dramatically as τ varies within this range. Longer lifetime results in the generation of

carriers with large energies. It can be an important fractor of the excitation frequency
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Figure 3.2: Hot carrier distribution for D= 25 nm.

(h̄ω = 3.65 eV). On the other hand, smaller values have the generation of carriers with

near to thermal energies, i.e. near the Fermi level. Keeping the lifetime unchanged,

the same behavior is observed when the size of the nanoparticle varies. In this case,

larger diameters produce less energetic carriers and vice versa.

The reason of this this behavior can be explained from the density of electronic

states (DOS) of these systems. Specifically, systems with finite number of electrons

also have finite number of energy levels i.e. , a discrete density of states. However, a

finite lifetime will introduce a broadening effect inversely proportional to its value. As

a result, the density of states is becoming to a continuous distribution that becomes

much more homogeneous as the lifetime decreases or the size of particle increases.

Thus the number of states increases. Actually, if a metallic particle is as huge as earth,

the illumination will only result in thermal fluctuation, and energetic hot harriers will
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Figure 3.3: Effects of the hot carrier lifetime τ . Hot electrons generation rate as
function of the frequency of the external excitation for different hot carrier lifetimes
τ varying from 0.05 to 1 ps. (a) is the results for a nanoparticle diameter of D = 15
nm and (b) for D = 25 nm.

be missing. A larger homogeneity will favor the contribution of transitions with large

matrix elements, even they are out of resonance.

Since the total amount of energy released in the hot carrier generation is deter-

mined by the absorption of the particle, thus, hot carriers are generated with energies

near to the Fermi level must be considered with larger generation rates. Similarly,

energetic hot carriers are generated in much smaller values.

In Figure 3.3, we analyze hot carrier production of a D = 15 nm (a), and a D = 25

nm (b) silver nanoparticles as a function of external illumination frequency. Finally
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we observe that making the lifetime shorter or increasing the particle diameter leads

to a larger number of carriers being generated. At the same time, the spectra becomes

smoother indicating the increasing homogeneity of the electronic DOS of the system.

3.2 Quantifying the Hot Carrier Generation Effi-

ciency

As what we have discussed in previous chapters, the plasmon-induced hot carriers

can be used in lots of applications. It is of importance to have a metric to quantify

of the efficiency of different plasmonic systems to generate most useful hot carriers in

order to explore this process. Here we introduce a figure of merit Ne(E) defined as

the number of hot electrons generated per plasmon excited in the system that have

energy measured larger than a specific threshold E with respect to the Fermi level.

This variable is written in terms of the absorbed power and the generation rate as

Ne (E) = h̄ωp

∑
Ef≥E

Γe (Ef , ωp) /Pabs (3.1)

Obviously, a similar fomular can be defined for the case of hot holes whose energies

also measured with respect to the Fermi level, in which Γe (Ef , ωp) is replaced by

Γh (Ef , ωp) and a summation is performed over states with energy below −E .

Figure 3.4 shows efficiency calculated with nanoparticles with lifetime ranging

from 1 to 0.05 ps. Here, we use two energy threshold 0.2h̄ω and 0.5h̄ω. Comparing the

two figures we observe that the efficiency decreases as the energy threshold increases.

Furthermore, we find that the efficiency of the carrier generation depends strongly on

both the size of particle and the lifetime of the hot carrier. In general, the efficiency

decreases with diameter increasing and increases with lifetime increasing. However,

this situation is opposite for the very small diameter (D = 5 nm). This abnormal
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Figure 3.4: Efficiency of the plasmon-induced hot carrier generation. (a) The number
of hot electrons generated per plasmon excited in the system with energy larger than
0.2h̄ωp. (b) same as plot (a) with 0.5h̄ωp. In both cases plot the figure of merit as a
function of the nanoparticle diameter with four different hot carrier lifetime τ .
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behavior is most likely due to the discreteness of the electronic density of states of

the small system with diameter 5 nm, which is not efficiently compensated by the

finite carrier lifetime τ .

3.3 Directionality and Spatial Distribution of Hot

Carriers.

The plasmon-induced hot carriers are absolutely not distributed uniformly in the

volume of nanoparticle. In fact, their spatial distribution is decided by the electronic

wave function of final state of each transition that generates them.

The spatial distribution of hot electrons can be written as the superposition of

electron density with different quantum numbers,

n(r) =
∑
E,l,m

dΨ∗E,l,mΨE,l,m (3.2)

where d is the density of states which only counts the occupied ones.

In Figure 3.5, it is very clear that the distribution of hot carriers is along the

polarization of the illumination. Smaller particles will have more electrons close to

the boundary. For a nanoparticle as large as D=15 nm, the spatial distribution is

very close to the homogeneous situation. This is totally reasonable, since the reaction

of illumination for large particle is quite weak.

Figure 3.6 shows the hot electron density distribution in silver nanoparticles with

D = 25 nm at the plasmon frequency for two different carrier lifetimes τ = 0.5 ps (red

lines, left scale) and τ = 0.05 ps (blue lines, left scale). This density is along the radial

direction to have a better understanding. The dashed lines show the corresponding

quantity in the perpendicular direction. The solid lines show the local hot electron

density along the axis parallel to the polarization of the external field and are larger
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(a)

(b)

Figure 3.5: The map of hot carriers in x - z plane. The radius has already been
normalized to 1. (a) the spatial density of hot electrons for D= 5 nm, (b) for D= 15
nm.
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Figure 3.6: Spatial distribution and directionality of hot carriers. (a) The local density
of hot electrons generated in a silver nanoparticle of D = 25 nm at the plasmon
frequency calculated along the axis parallel (solid lines, left scale) and perpendicular
(dashed lines, left scale) to the external field polarization. Plot this density for two
different hot carrier lifetimes: τ = 0.5 ps (red lines) and τ = 0.05 ps (blue lines).
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the hot electron outside sphere (red and blue lines) and the ground state (black line)
densities along the axis parallel to the polarization of external field. The densities are
normalized to their maximum value.
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by approximately a factor of 2.3. The results show that the hot carriers are almost

generated in the region where the field enhancements are also large, i.e., along the

polarization direction. Because of the contribution of a larger number of states with

a smaller energy, Shorter carrier lifetimes results in much more homogeneous spatial

distributions, similar to the ground state (black line). We expect that they will extend

further outside the nanoparticle than ground state electrons because they are more

energetic, although the hot electrons are confined to the metal nanoparticle. This

is clearly shown in Figure 3.6 (b) where we compare electron out of the conduction

electrons of a nanoparticle in its ground state with decay of the spatial distribution

of hot electrons outside of the nanoparticle.

3.4 Plasmon-Induced Hot Carriers in Nanoshells

As we discussed in previous chapters, the spectra of the hot carrier generation rate

almost follows the absorption spectrum of the nanoparticle. In the cases of small

spherical nanoparticles, the plasmon resonance is highly determined by the material

parameters and cannot be modified. However, it is crucial to be able to tune the

energies of the hot carriers in real applications. A suitable alternative nanoparticle is

a metallic nanoshell. Its plasmonic response is highly tunable adjusted by changing

the ratio of the outer and inner diameters.[69]

In Figure 3.7 (a), the solid blue line (left scale) shows the number of hot electrons

generation rate for a nanoshell with inner and outer diameters of 15 and 25 nm, respec-

tively, calculated as a function of the frequency of the external excitation field. This

hot electron generation rate exactly follows the absorption (blue dashed line), and has

a strong red shifted compared to the solid nanoparticle with D = 25 nm (red lines).

The shift can be adjusted by changing the ratio of the inner and outer diameters. We

find that the nanoshell presents a larger generation than the spherical nanoparticle.
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for nanoshell and h̄ωp = 3.65 eV for nanosphere). The hot carrier lifetime is fixed to
τ = 0.5 ps.
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This is same with the results shown in (b), where we plotted the hot carrier energy

distribution for two nanostructures at the plasmon frequency. However, although the

nanoshell generates much more carriers, when we calculate its efficiency using the

figure of merit defined in (3.1) we find out the values: Ne (E = 0.2h̄ωp) = 0.84 and

Ne (E = 0.5h̄ωp) = 0.73, which are similar to those calculated for the nanoparticle.



Chapter 4

Decay model for plasmon-induced hot carriers

In this chapter, we will talk about the behavior of hot carriers after generation. It

is well-known that the main three interaction are electron-electron, electron-photon

and electron-phonon interactions. Since it is very time consuming to calculate the

electron-electron interaction, we developed a statistical approach to investigate the

decay process for hot carriers.

4.1 Master equations and the decay process

In chapter 2, the generation of plasmon-induced hot carriers are given by (2.13). After

excitation, hot carriers are staring to decay. Suppose the initial illumination is a single

pulse, hot carriers will have a very fast relaxation due to electron-electron scattering.

Meanwhile, spontaneous emission and electron-phonon interaction are also happening

but with a much smaller rate.

For generation, we still use previous free electron model. Since during decay,

many-body interactions can no longer be negligible, we employ the electron-electron

interaction by using the single electron wavefunction calculated from free electron

model. Thus, all the electrons still keep the same kind of quantum number as previous
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Figure 4.1: Schematic plots of different decay channels for hot carriers including
electron-electron, electron-phonon and electron-photon interactions.
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chapters, i.e. E , l and m. By doing so, the decay model will be self-consistent with

previous model.

The initial hot carrier distribution after illumination can be given by

Pi(t = 0) = f(Ei)−
∑
j

Γexi→jfi(1− fj)∆t+
∑
j

Γexj→ifj(1− fi)∆t (4.1)

where Pi is the probability of electron occupation at state i, f is the Fermi-Dirac

distribution, ∆t is the duration of the excitation pulse (10fs), Γex is the excitation

rate given by (2.13). Since the decay model calculation is too time consuming, we

use a smaller nanosphere with diameter 6nm. For such a small particle, the plasmon

damping tern in dielectric function need to be revised due to the surface effect. To

account for the size effect, the rate of collisions of electrons with particle surface is

considered and

γ = γ0 +
2vF
h̄D

(4.2)

is used in calculations. γ0 = 60 meV is the bulk damping width, and vF = 1.4×108

cm/s is the Fermi velocity for silver.[70] In order to reduce the abnormal effects

caused by some states close to Fermi level in small systems, we set the background

temperature is zero and the heat generated during dynamics will soon be absorbed

by the background. Besides, the incident photon energy is the same as plasmon

resonance energy (3.5eV).

Figure 4.2 shows the hot carrier distribution after pulse excitation calculated by

(4.1).

After excitation, hot carriers start to decay through electron-electron scattering,

electron-phonon interaction, and electron-photon interaction as depicted in Figure
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4.1. The time-dependent electron states occupation follows the master equations:[71]

dPi
dt

=−
∑
jkl

Γeeij→klPiPj(1− Pk)(1− Pl) +
∑
jkl

Γeekl→ijPkPl(1− Pi)(1− Pj)

−
∑
j

Γepi→jPi(1− Pj) +
∑
j

Γepj→iPj(1− Pi)

−
∑
j

Γeγi→jPi(1− Pj) +
∑
j

Γeγj→iPj(1− Pi)

(4.3)

The left hand side of (4.3) is the variance of occupation probability in states i,

and the right hand side is the superposition of transition rates for all the three types

of interactions. In the series of equations Γeeij→kl, Γepi→j and Γeγi→j represent for the

electron-electron, electron-phonon and electron-photon interaction rates respectively.

Physically, the rapid thermalization of hot electrons is dominated by electron-electron

interaction because of the large scattering rate compared with the other two interac-

tions in high energy range. The electron-phonon interaction is merely considerable
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when the hot electrons become less energetic and their energy is very close to Fermi

level.[60, 72, 73] Within a short time, the system finally cools down, releasing the

energy to lattice vibration and generating heat. Experimentally, it has already been

measured that the lifetime of electron-electron interaction is around 500 fs whereas

the lifetime of electron-phonon interaction, dominated by the low-energy lattice vi-

bration mode, is around 1 ∼ 2 ps. Considering the electron-photon interaction is the

spontaneous emission whose rate is almost 6 orders smaller compared with electron-

electron interaction rate, the electron-photon interaction can be negligible through

the entire dynamic evolution of hot electrons if illumination is only a single pulse,

but only plays a crucial role in the emission of photoluminescence. Since we only

focus on the dynamic evolution of energetic hot electrons, numerically we can drop

the latter two interactions in (4.3) and only involve electron-electron scattering in

the master equations. Actually calculations show no difference if we involved the

electron-phonon and electron-photon interaction in practice.

4.2 Analytical solution for electron-electron inter-

action

As mentioned above, the dynamic evolution of hot carriers along with the resulting

lifetime, is significantly determined by the electron-electron scattering process. Ahead

of a statistic parameterization, we need a analytical solution as a benchmark.

The Hamiltonian including electron-electron scattering can be written as

H = H0 +H′ (4.4)

H′ = 1

2
v(x− x′)Ψ†(x)Ψ(x)Ψ†(x′)Ψ(x′) (4.5)
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where v(x−x′) = v(x−x′)δ(t− t′) is the interaction potential, here it is Coulomb

potential. Based on the Hamiltonian, the S-matrix is[74]

S = U(∞,−∞) = T exp

(
−i

∫
dxdx′H′

)
= T

[
1− i

∫
dxdx′H′ − 1

2

∫
dx1dx

′
1dx2dx

′
2H′1H′2 + · · ·

] (4.6)

where T is the time order operator. Here we only need to keep the first order

term, since in 〈i|S|f〉 it only has 4 create or destroy operators. As the ground state

is not real vacuum, we redefine the ground state as GS = |0〉. So we rewrite the field

operator


Ψ† =

∑
B∗i b

†
i +
∑

Djdj

Ψ† =
∑

Bibi +
∑

D∗jd
†
j

(4.7)

where B and D are single electron or hole wavefunctions satisfying Bi = D∗i . b

and d are operators describe as following

b† create a electron
b destroy a electron
d destroy a hole
d† create a hole

Table 4.1: Description of electron and hole operators.

According to Feynman diagram, the initial state i and final state f can be written

as


|i〉 = b†1d

†
x|0〉

〈f | = 〈0|dxd2b4b3
(4.8)

where d†x means there’s some other holes in ground state. we apply the initial and
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Figure 4.3: Feynman diagram for electron-electron interaction. 1,2,3,4 are four elec-
tronic states.

final states to both sides of S-matrix

Sif =− iT
∫

dxdx′
1

2
v(x− x′)

〈0|d2b4b3
[
Ψ†(x)Ψ(x)Ψ†(x′)Ψ(x′)

]
b†1|0〉

(4.9)

Since we need four operators to vanish dbbbdagger, all the terms with contraction

will not contribute to the scattering. By using Wick’s theorem the second term in

(4.9) will be

2
∑
i,j,k,l

〈0|d2b4b3b†ib
†
kd
†
l bjb

†
1|0〉B∗iBjB

∗
kD
∗
l

= 2 [−B∗4(x)B∗3(x′)B1(x)D∗2(x
′) +B∗4(x′)B∗3(x)B1(x

′)D∗2(x)]

(4.10)

Thus we obtain the scattering matrix

Sif = −i

∫
dxdx′

1

2
v(x− x′) [−B∗4(x)B∗3(x′)B1(x)D∗2(x

′) +B∗4(x′)B∗3(x)B1(x
′)D∗2(x)]

(4.11)

For convenience, we use |i, j〈 as the initial state, 〉k, l| as the final state, the
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electron-electron scattering rate can be written as[75]

Γeeij→kl =
4

τ
|Mij→kl|2

1

(Ei + Ej − Ek − El)2 + h̄2τ−2
(4.12)

Mij→kl =
1

2
|〈i, j|V |k, l〉 − 〈i, j|V |l, k〉| is the S matrix calculated by (4.11), where

V (r, r′) = 1
|r−r′| is the Coulomb potential. Next, we will calculate this matrix element

〈ψ1ψ2

∣∣∣∣ 1

r− r′

∣∣∣∣ψ3ψ4〉.

The angular part of all the wavefunctions are spherical harmonics, i.e.

Y m∗
l (Ω) =

√
2l + 1

4π

(l −m)!

(l +m)!
Pm
l (cos θ)e−imφ

=

√
2l + 1

4π

(l +m)!

(l −m)!

(l −m)!

(l +m)!
Pm
l (cos θ)e−imφ

=

√
2l + 1

4π

(l +m)!

(l −m)!
(−1)−mP−ml (cos θ)e−imφ = (−1)−mY −ml (Ω)

(4.13)
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Thus, we have,

〈
ψ1ψ2

∣∣∣∣ 1

r− r′

∣∣∣∣ψ3ψ4

〉
=

∫
drdr′ j1(r)j2(r

′)j3(r)j4(r
′)Y m1∗

l1
(Ω)Y m2∗

l2
(Ω′)Y m3

l3
(Ω)Y m4

l4
(Ω′)∑

lm

rl<
rl+1
>

(
4π

2l + 1

)
Y m
l (Ω)Y m∗

l (Ω′)

=
∑
lm

∫
r2r′2drdr′ (−1)−m1−m2−m rl<

rl+1
>

(
4π

2l + 1

)
j1(r)j2(r

′)j3(r)j4(r
′)∫

dΩ Y −m1
l1

(Ω)Y m3
l3

(Ω)Y m
l (Ω)

∫
dΩ′ Y −m2

l2
(Ω′)Y m4

l4
(Ω′)Y −ml (Ω′)

(m = m1 −m3)

=
∑
l

∫
r2r′2drdr′ (−1)−m2+m3

rl<
rl+1
>

j1(r)j2(r
′)j3(r)j4(r

′)

√
(2l1 + 1)(2l2 + 1)(2l3 + 1)(2l4 + 1)

×

l1 l3 l

0 0 0


 l1 l3 l

−m1 m3 m1 −m3


l2 l4 l

0 0 0


 l2 l4 l

−m2 m4 m3 −m1


(4.14)

where Y m
l (Ω) is spherical harmonics, j(r) is the spherical Bessel function. We

have used

1
|r−r′| =

∑
lm

rl<
rl+1
>

(
4π

2l+1

)
Y m
l (θ, φ)Y m∗

l (θ′, φ′), and

∫
dΩ Y m1

l1
(Ω)Y m2

l2
(Ω)Y m3

l3
(Ω) =

√
(2l1 + 1)(2l2 + 1)(2l3 + 1)

4π

l1 l2 l3

0 0 0


 l1 l2 l3

m1 m2 m3


In the dipolar limit, we restrict our calculations to be the first two terms: L=0

corresponds to the perfect elastic scattering (i.e. the electron exchange) which has

no contribution to the thermalization, while L=1 is the scattering process under
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dipolar potential which gives the dominant contribution. Accordingly, the selection

rule within the parameterization process becomes: |li−lk| = |lj−ll| = 0, 1 or |li−ll| =

|lj − lk| = 0, 1. We want to emphasize that, for current work, the quantum number

l is exactly accompanied with its eigenvalue, for larger structures or structures of

different shapes with the given energy bands, it is easy to construct the pseudo l

number with the help of density of states behavior DOS(E) ∼
√
E , thus the proposed

parameterization framework is still general with such l-dependent selection rule.

4.3 Parameterization for electron-electron interac-

tion

Since Mij→kl is a R6 integral, it is very time-consuming to implement (4.12) into

master equations in calculations, and becomes nearly impossible for large structures.

In order to make the calculation more realistic, and of more importance, to make a

general frame applicable for large structure as well as structures of different shapes, we

introduce a parameterization procedure using statistical model to implement electron-

electron interaction.

Practically, the electron-electron scattering can be assumed to be energy depen-

dent only. Considering the analytic eigenstates of ground state involve three quantum

numbers (n, l,m) but the eigenvalues are independent of m, we can average the ma-

trix element over m to remove its dependence. Then under the energy conservation

and exclusion of perfect exchange scattering, the value of matrix element Mij→kl is

assumed to be determined by the energies and selection rules. After carefully exam-

ining the relation of calculated transition matrix element with energies, we find it is
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Figure 4.4: Transition matrix element parameterization for 100-electron system. The
green dots are for exact matrix elements, the purple ones are for averaged data, after
splitting the energy range in grids of 0.08 eV.

a good choice to use

α =
1

2
||Ei − Ej| − |Ek − El|| (4.15)

as a new-defined variable, and matrix element can be treated as a function of α. Its

physically reasonable because scattering should be dependent on the energy difference

between initial and final states, but not on the absolute value of these energy levels.

Next, we examine the selection rule during the electron-electron scattering process.

In Figure 4.4 we show the exact transition matrix elements exactly calculated by

using ground states wavefunctions of Ag nanosphere (green points), in which these

values follow a Gaussian line shape. To see such behavior clearly, we uniformly split

the fitting range into grids as small as 0.08eV to calculate the averaged values within

the same grid, plotted as purple points in Figure 4.4. After processing the data, we

found it is a good choice to use a Gaussian shape curve to parameterize the complicate
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matrix element simply as:

Mij→kl(α) = ae−(α−bc )
2

(4.16)

Where α is the new-defined variable as mentioned above, a, b, c are three fitting

parameters.

Figure 4.5 shows the dynamics for a smaller system of only 100 electrons, where

the three fitting parameters are, respectively, a=0.0437 eV2,b=1.16 eV,c=0.59 eV.

The left column is the time evolution of hot carrier distributions while the right one

is photoluminescence. The color lines represent the calculation using exact transition

matrix elements (red one for hot electrons and blue one for hot holes), while the dotted

lines are calculated by using parameterized matrix elements. The results reveal that

our parameterization fantastically matches the exact one and works well. Then, we

are able to calculate a larger system only within the parameterization framework.

Furthermore, the lifetime of hot electrons in a 100-electron system is about 1.5 ps, as

extracted from Figure 4.5.

Since we can use the Gaussian shape function to parameterize the matrix elements,

the 3 parameters in (4.16) play a crucial role in the parameterization procedure.

Since these parameters vary with the size, we calculate the exact elements for several

sizes and fitted these 3 parameters which are shown in Figure 4.6 as a function of

system size. The best fitting function for a,b,c are: a = 4.292/n eV, b = (0.4068n +

199.6)/(n + 106.6) eV, c = 0.645 eV, where n is the number of electrons inside

nanosphere. Thus, we are able to implement our parameterization without calculating

exact matrix elements, which makes our model applicable for large system.

Here we want to pinpoint the assumptions that we make in the above parameter-

ization frame:

1. the new defined energy difference variable captures the main features for the
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four scattered state energies;

2. the Gaussian shaped lines along with the selection rules dominate the behavior

of hot electrons in early decay stage, i.e. within the thermalization time scale

when more hot electrons are energetic;

3. for larger size particle, this behavior remains and the parameters of Gaussian

shape line keep the trend which can be predicted by extension.

4.4 Electron-photon interaction

Though electron-photon interaction plays a less important role during decay, for con-

tinuous excitation and luminescence, it is a key factor. For pulse excitation, the

so-called electron-photon interaction actually is spontaneous emission. For continu-

ous excitation, it should include excited and stimulated emission.
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Suppose the polarization of incident light is along the z axis excitation

Γexi→j =
2π

h̄

∣∣∣∣ 3

2 + εr(ωex)

∣∣∣∣2 e2E2
0 |〈i|rẑ|j〉|2δ(Ei − Ej + ωexh̄)

=
2π

h̄

∣∣∣∣ 3

2 + εr(ωex)

∣∣∣∣2 e2E2
0 |〈i|r|j〉|2(2li + 1)(2lj + 1)li 1 lj

0 0 0


2 li 1 lj

mi 0 mj


2

δ(Ei − Ej + ωexh̄)

(4.17)

The electric field inside the nanoparticle is

Ek =

√
h̄ω

2ε0V

3

2 + εr(ω)
(a†e−ikr−iωt + aeikr+iωt)ê (4.18)

so the matrix element is

|〈i, 0|eEr|j, 1〉|2 =
h̄ω

2ε0V

∣∣∣∣ 3

2 + εr(ω)

∣∣∣∣2 |〈i|erk̂|j〉|2 (4.19)

where r � λ, kr ∼ r/λ ≈ 0, e−ikr ≈ 1 − ikr ≈ 1. For spontaneous emission, the

total photon density is[76]

N =
4

3
πk3 × 2

L3

(2π)3
=

n3E3V

3π2h̄3c3
(4.20)

where ω = ckn, E = h̄ω. So the photon density of states is

ρ =
dN

dE
=
n3ω2V

h̄π2c3
(4.21)
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The spontaneous emission rate can be written as[77, 78]

Γspi→j =

√
ε3rω

3

3πε0h̄c3

∣∣∣∣ 3

2 + εr(ω)

∣∣∣∣2 |〈i|er|j〉|2
=

√
ε3rω

3

3πε0h̄c3

∣∣∣∣ 3

2 + εr(ω)

∣∣∣∣2 |〈i|er|j〉|2(2li + 1)(2lj + 1)li 1 lj

0 0 0


2 
 li 1 lj

mi 0 mj


2

+

 li 1 lj

mi 1 mj


2

+

 li 1 lj

mi −1 mj


2

(4.22)

For stimulated emission, the density of states is

ρ =
2ε0E

2
0

h̄ω
δ(Ei − Ej − ωexh̄) (4.23)

The stimulated emission rate is

Γsti→j =
2π

h̄

∣∣∣∣ 3

2 + εr(ωex)

∣∣∣∣2 e2E2
0 |〈i|r|j〉|2(2li + 1)(2lj + 1)li 1 lj

0 0 0


2 li 1 lj

mi 0 mj


2

δ(Ei − Ej − ωexh̄)

(4.24)

Thus, for steady states calculation under continuous excitation, the general electron-

photon interaction is

Γeγi→j =


lΓexi→j (Ei < Ej)

Γsti→j + Γspi→j (Ei > Ej)

(4.25)

After obtaining the time-dependent hot carrier distributions, the photolumines-
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cence intensity at each time step is determined by

I(ω, t) =
∑

Ei−Ej=ω

Γsp(ω)Pi(t)(1− Pj(t)) (4.26)



Chapter 5

Dynamic evolution for plasmon-induced hot

carriers

In this chapter, we employ the model in chapter 4 to a silver nanoparticle with

diameter of 6 nm. We calculate the energy distribution of hot carriers and photo

luminescence by using the parameterized electron-electron interaction.

Furthermore, we also do he same calculation for a continuous excitation and the

luminescence for a nanorod.

5.1 Time evolution for hot carrier decay

As long as we figure out how to parameterize the matrix elements, we are able to

calculate the dynamics for larger particle, say 6 nm for instance, by using the density

of states. Figure 5.1 shows the evolution of hot carrier distribution in the left col-

umn with increasing time. At each time step, we also calculated the corresponding

photoluminescence shown in the right column.

Compared with smaller systems, hot carrier distribution for larger system has an

obvious lower energy peak close to Fermi level. The larger size makes the system
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more homogeneous, resulting in a large transition matrix element for states near

Fermi level. Meanwhile, the lifetime of hot carriers in larger nanoparticle is usually

smaller than that in smaller systems, where the quantum confinement effect as well as

discrete eigenstates makes the scattering probability very small for electron-electron

interaction. In Figure 5.1, our calculation successfully showed these features. In left

column, the energy distributions are calculated as time increasing (from 100 fs to

1 ps). During such evolution, energetic electrons thermalize to form peaks around

Fermi level. The lifetime of this thermalization is extracted to be about 500 fs to

1 ps, which is smaller than 100 electron particle (about 2 ps). Several experiments

have measured the thermalization time dominated by electron-electron relaxation.

For example, Sun et al. reported 500 fs for a gold film,[79] and Fann et al. measured

it ranging from 730 fs to 1ps.[80] Our calculations match these measurements quite

well, implying the validity of the parameterization for e-e interaction in our model as

the compassion shown in Figure 4.6.

The photoluminescence is shown in the right column of Figure 4.6, where two

main peaks show up. One is for the low-energy thermal energy carriers, the other one

is for the energetic ones locating at plasmon energy (3.5 eV). As the time goes, hot

electrons of higher energy keep interacting with that of lower energies, leading to the

relaxation of hot carriers and also a slight red shift of photoluminescence. Eventually

only the lower-energy peak is left, indicating the thermalization is almost complete.

5.2 Lifetime for plasmon-induced hot carriers

For the realistic applications employing hot carriers, the lifetime scale plays a crucial

role, especially for the energetic hot electrons. Next we examine the energy-dependent

lifetime of energetic hot electrons.

We split the energy range with 0.5 eV inter-grid separation as shown in Figure
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5.2(a), and at every time step, sum up the numbers of hot electrons within each

energy range (Figure 5.2(b)). The lifetime of energetic hot electrons within each

region is thereby defined as the time when the number of hot electrons reduces to 1/e

of its initial value just after illumination. In Figure 5.2, different colors represent hot

electrons with different energies and the color histogram shows the calculated lifetime

of hot electrons within each region. The lifetime for low energy hot electrons can be

as long as 1 ps, while for the energetic ones it is less than 500 fs. Notably, the lifetime

for single electron-electron interaction is in the order of 10 fs, while the values we

obtained are for the summation of all the events (electron-electron interaction) in a

quantum state which is in accordance with real measurements. Figure 5.2(a) clearly

shows that the lifetime increases as the hot carrier energy decreases. It is totally

reasonable, since hot electrons will keep accumulating to the low energy range within

500 fs. From Figure 5.2(b), the low energy hot electrons will increase in a while then

decay because more electrons are relaxed to low-energy states due to the interaction

between higher-energy electrons and those around or below the Fermi level. For the

hot electrons with higher energy on the other hand, say those of larger than 2 eV,

the lifetime is much shorter, which is actually the typical value for electron-electron

relaxation.

5.3 Luminescence from hot carriers during contin-

uous illumination

All above calculations and discussions are for single illumination pulse so that the

dynamic decay evolution can be obtained for hot carriers. Next we investigate how

hot carriers behave when the illumination is continuous. Specifically, the photolumi-

nescence becomes influenced significantly with the intensity of incident light, which
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is inversely proportional to the time interval that photons come into nanoparticles.

When the time interval is much longer than the lifetime of energetic hot carriers,

the excitation-decay events seem to be independent of each other, and it shows the

same dynamics as single illumination process within each time interval (see left illus-

tration figure in Figure 5.3). In this case, the photoluminescence has nothing to do

with the incident intensity and we cannot see any shift of photoluminescence peak

with changing the intensity. If this time interval is comparable or even smaller than

the lifetime, however, the hot carriers then have the probability to be excited again

before completing the relaxation (see right illustration figure in Figure 5.3). In other

words, some hot carriers stay at a higher energy state upon another illumination,

leading to a blue shift for photoluminescence dramatically.

To have an intuitive feeling about the influence, let us consider only one electron

and a simple two-level system with energies being 0 and E respectively. Supposing

the excitation probability is p0, then once a photon comes in, it will excite p0 elec-

trons from ground state (0) to the excited state (E). After successive excitations, the
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numbers of electrons in the two states are


Pex = p0

(
e−

t0
τ + e−

t1
τ + e−

t2
τ + · · ·

)
=

p0

1− e− α
Iτ

Pgs = 1− Pex = 1− p0

1− e− α
Iτ

(5.1)

where τ is the lifetime of the excitation state, tn = α
I
n is the time interval of incom-

ing photons, which is inversely proportional to the light intensity, and α is a constant.

We use the weighted average to represent the energy of excited state, which is also

the peak of photoluminescence. Then, the relative blue shift for photoluminescence

peak is

∆E = Ep0e
− α
iτ (5.2)

As showed in Figure 5.4, when the time interval is relatively large, meaning a low-

intensity situation, the shift is almost zero. As intensity increases accompanied with

the decrease of time interval, the next excitation comes before the complete decay

of previous excitation, then more electrons stay at higher energy states, leading to a

blue shift of photoluminescence peak. In our realistic system, the blue shift follows

the same physical picture described by the above simple model, and the increasing

light intensity can excite hot electrons to a higher energy before they decay to the

holes.

It is important to mention that, the blue shift feature of photoluminescence, dom-

inated by the dual-excitation process, may be very small or even invisible because of

the influence of Purcell factor. Purcell factor gives the largest spontaneous emission

rate at plasmon resonance, and decreases such rate significantly for off-resonance ex-

citations. Accordingly, for the on-resonance excitation (3.5 eV for Ag, upper panel of

Figure 5.4), even there is some blue shift of photoluminescence peak, corresponding

to higher-energy two-photon excitation process, they become very week and invisible
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compared with the enhanced photoluminescence signal at resonance due to Purcell

factor. When the excitation is off-resonance (see low panel in Figure 5.4)), on the

other hand, the blue shift becomes visible and even enhanced because of the influence

of Purcell factor. Of more importance, since Purcell factor dominates the line shape

of spontaneous emission rate, there is a great chance that the two-photon excitation

is closer to plasmon resonance energy and then the blue shifted photoluminescence

shows up around plasmon resonance. In Figure 5.4 we take 3.5 eV and 3.0 eV for

instance, and plotted the changes of photoluminescence signal with varying the inci-

dent intensity in on-resonance and off-resonance excitation cases. We can see clearly

that, the blue shift in 3.5 eV illumination case is hardly to observe, while for 3 eV

excitation case, the ratio of high energy peaks increases. In this way, the two-photon

process gets enhanced and has a potential to be larger than the original excitation.

5.4 Luminescence for nanorod

As discussed before, the photoluminescence profile is significantly related to the ab-

sorption and Purcell factor which is interpreted as enhancement of local density of

photon states (LDOS). For small spherical nanoparticles the plasmon resonance is

determined by the material parameters, thus the profile of photoluminescence is usu-

ally untunable. However, it is highly important to tune the profile within a large

region for photoluminescence during application. With this respect, the nanorod is

a good candidate whose plasmon resonance is highly tunable by changing the aspect

ratio.[81]

In Figure 5.5, we calculate the normalized absorption, LDOS and the photolumi-

nescence for a nanorod. The diameter of its cross section is 10nm, the length is 70

nm. The LDOS is the averaged value around the surface nanorod and is calculated

using boundary element method (MNPBEM package).[82, 83, 84] In order to see all
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the modes, the incident electric field is transversal to the nanorod with photon energy

of 3.6 eV. The yellow dashed lines represent the bright modes, while the black one is

for dark mode. The LDOS contains all the eigen modes for the system and the profile

of photoluminescence follows the LDOS.

In Figure 5.6, we plot the photoluminescence of three nanorods with different

aspect ratios, where the widths are fixed in all cases. The highest energy resonance

mode corresponds to the transverse mode of nanorods, which is the same resonance for

spherical nanoparticles we discussed before. As the length increases, corresponding to

the increase of aspect ratio of nanorod, the longitudinal dipolar modered shifts. The

more exciting thing is, as the aspect ratio is sufficiently large, dark modes such as

quadrupole mode will show up in luminescence spectra even these modes are invisible

in the absorption profile. Since the LDOS contains all the mode information, as long

as the incident energy is higher than that of these high order modes, the dark mode
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can appear in near field photoluminescence, which is also the reason we use 3.6 eV

incident energy in calculations.



Chapter 6

Conclusions

In chapter 2 and 3, We have developed a simple model for the description of the

plasmon-induced hot carrier generation process in metallic nanoparticles (silver). The

model treats the conduction electrons of the metal as free moving electrons in an

spherical potential well and then using Fermi’s golden rule to calculate the generation

rate of hot carrier induced by the plasmon decay. By substituting the free electron

wave functions and energies with those obtained from DFT, we have clearly shown

that many-body effects have only a small influence on the hot carrier generation.

Using our model we have calculated the number of carriers generated as a function of

the frequency of the external excitation and found out that this property follows the

absorption curve determined by the plasmon resonance. Furthermore, our analysis

has shown that the size of particle and lifetime of the hot carrier strongly influence

the generation rate and the energies of the generated hot carriers. In particular, we

found that larger sizes and shorter lifetimes result in higher hot carrier generation

rates but smaller hot carrier energies, and vice versa. We introduced a figure of merit

defined as the number of hot electrons or holes generated per plasmon excited in the

system with an energy larger than a certain threshold in order to measure the hot

carrier generation efficiency of a certain nanostructure. We have also analyzed the
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spatial distribution of the hot carriers showing that they are exactly concentrated

along the polarization of the external field, and that they extend further out from

the nanoparticle than the ground electron distribution. Additionally, we studied the

hot carrier generation in a nanoshell, which allowed us to show that by adjusting the

thickness and the size of this nanostructure it is possible to tune the energy of the

plasmon-induced hot carriers.

In chapter 4 and 5, we extend our model to solve the dynamics of hot carri-

ers including electron-electron and electron photon interactions. Our time-evolution

model successfully describes the dynamics of hot carriers in a silver nanosphere with

the help of electron-electron interaction parameterization procedure, which is proven

to be valid for a large size region within the electron relaxation stage. Besides,

the photoluminescence resulted from electron-photon interaction is also calculated

by using spontaneous emission. For off-resonance incident light, two-photon process

is enhanced resulting in the blue shift for photoluminescence. Besides, we study the

LDOS and photoluminescence of the nanorod which has allowed us to tune the profile

of photoluminescence by modifying the geometry of the nanoparticle.
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