


ABSTRACT

Single Plasmonic Nanoparticle Electroluminescence

by

Ali Mojibpour

Plasmonic tunnel junctions perform the role of classical antennas in the visible.

Due to their ultra-small footprint and their unique potential for being modulated

at terahertz frequencies, they have gained much interest recently. Metal-insulator-

metal (M-I-M) junctions always have been the main component of plasmonic tunnel

junctions due to their enhanced local density of optical states and increased inelastic

electron tunneling probability. However, the presence of two few-nanometer apart

plasmonic metals obscures the plasmonic resonance of each individual part. Here,

in contrast to M-I-M junction, we use graphene to electrically contact a plasmonic

nanoparticle. Since graphene is a dielectric in the optical frequencies, plasmon reso-

nance of the nanoparticle is affected the least possible. This scheme has the benefit

of increasing the spectral tunability of the emitted light above what is reported in

M-I-M junctions.
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Chapter 1

Introduction

Conduction electrons determine the optical response of the metals. If certain condi-

tions are satisfied, these conduction electrons can oscillate collectively and produce

enhanced effects. These charge density oscillations are called plasmons and can be

explained with the Drude theory of metals. Surface plasmon polariton (SPP) and

localized surface plasmons (LSP) are the two main categories of plasmons which have

shown a plethora of applications. Surface plasmon polaritons result from the coupling

of electromagnetic waves to the conduction electrons at the interface of a metal and a

dielectric. This coupling reduces the footprint of the electromagnetic field to volumes

much smaller than diffraction limit and enhances the local electric field near the metal

surface. SPPs have realized the creation of a manifold of new waveguides [2, 3, 4, 5],

modulators [6, 7, 8], as well as sensors [9] and detectors [10].

Localized surface plasmons, on the other hand, are charge density oscillation con-

fined to the dimensions of a plasmonic nanoparticle. Whereas SPPs are mainly em-

ployed in waveguides and modulators, LSPs are mainly employed in sensors [11,

12, 13, 14] and spectroscopy [15, 16, 17], or used for their localized heat generation

[18, 19, 20] and hot carrier generation [21, 22, 23].

Traditionally, excitation of LSPs have been through illumination of light. After

the illumination of a plasmonic nanoparticle with light, the electron gas collectivly

starts to oscillate in response to the impinging electromagnetic wave. This localized

plasmon resonance will then damp either through emission of a photon or excitation
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of an electron-hole pair via Landau damping [24]. Landau damping has been success-

fully explained by perturbation theory [25] where the authors used the summation of

external and the plasmon-induced electric potentials as the interaction Hamiltonian.

The time scale for Landau damping is on the order of femtoseconds. It is worth men-

tioning that Landau damping shows itself as the imaginary part of the permittivity

of a metal in the visible range [24]. Therefore, by comparing the imaginary part of

the permittivity of metals one can understand how efficient electron-hole pair gen-

eration is. After the occurrence of Landau damping, the resulting hot carriers then

redistribute themselves in energy through electron-electron interactions and obtain a

Fermi-Dirac distribution with an elevated effective electron temperature. This relax-

ation process will occur in 100fs to 1ps time scale[24]. In the next step which takes

several picoseconds, electron-phonon interaction will make electron and phonon tem-

peratures equal. Finally, heat transfer to the surrounding will occur and nanoparticle

will reach equilibrium. This final process can take from 100ps to 10ns depending on

the heat transfer rate and the nanoparticle’s material and size [24].

While generation of hot carriers are instrumental for applications spanning from

chemistry[23] to photdetection [26], in applications involving nanoantennas, they are

destructive as they destroy the initially created plasmon.

1.1 Optical Antennas

The success of antennas at radio-frequencies (RF) in transmitting electromagnetic

energy localized in a subwavelength volume to far-field region has made them an

indispensable element in modern technology. Oscillating electric signal drives the

antenna and the antenna out-couples the signal to free-space propagating wave. The

same functionality is also expected of an antenna working in the visible, namely
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converting near-field to far-field and vice versa. And in fact, antennas in the visible

have been employed [27] with this motive. However, optical antennas, unlike their

RF counterpart, are not generally excited by electricity. Both input and output of

optical antennas are light and the advantage of their use comes from their extremely

large optical cross section. In other words, they can harvest the optical field from

a very large cross section and convert that field to a near-field distribution around

themselves. The near-field is orders of magnitude larger than the propagating field

and has a manifold of applications. Enhancement of photoluminescence [28, 29, 30]

and Raman signal [31, 32] are two of those applications. Furthermore, because they

localize the electromagnetic wave to a small volume in spatial space, the light around

them contain a large region of momentum space. This has been used to enable photon

emission from forbidden transitions [33, 34].

Electrical excitation of optical antennas is non-trivial. Unlike RF antennas, there

is no electrical circuit that can operate at optical frequencies. Therefore feeding a

λ/2 antenna with an AC voltage with optical frequency is not a possibility. However,

although no electrical circuit board is able to provide this bandwidth, there are few

metals which keep their metallicity even in optical region. This is in no sense trivial,

since metallicity at the visible requires the electronic gas to oscillate 400 × 1012 per

second. In fact, by reducing the size of those few metals - which are normally referred

to as plasmonic metals - to nanometer scale, one can create plasmonic resonance. The

question is how can electrical signal excite plasmons.

1.2 Electrical Excitation of Plasmonic Antennas

Excitation of plasmons with electrons in the visible dates back to Ritchie’s paper

published in 1957 [35], which was 11 years before Kretschmann introduced his SPP
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excitation using prism coupling [36]. However, until Lambe and McCarthy’s pio-

neering work in MIM junction [37], excitation of plasmons with electrons were only

performed in high vacuum chambers and with free electrons [38, 39].

In 1976, Lambe and McCarthy reported observation of light from Al-Al2O3-Au

and Al-Al2O3-Ag tunnel junctions. The tunnel barrier in their device was simply

created by oxidizing the aluminum electrode. In addition, they also “mildly” etched

the top electrode (they used gold and silver with thickness ranging from 20 to 30

nm) to facilitate the outcoupling of surface plasmon modes in the junction. They

observed light emission at room temperature, but to increase the voltage stability,

they reported the results at 77K. Light emission from scanning electron microscope

(STM) was reported about 10 years after Lambe and McCarthy’s experiment [40, 41]

and excitation of propagating SPPs in MIM tunnel junctions was also demonstrated

in a STM chamber [42].

The principle mechanism for light emission and SPP excitation is similar. The

first theoretical framework was done by Davis [43]. In that work, Davis calculated the

transition rate in a form similar to how energy-loss is calculated for electron beams,

with the only difference in how he defined the source term for Maxwell’s equation.

Whereas in the electron beam problem, the source term is an electron moving freely

with a constant potential, in the tunneling problem, Davis used quantum mechanical

transition current and charge. Later on, it was proposed that fluctuations in the

tunneling current have shot noise characteristics and these fluctuatuons drive the

surface plasmon [44, 45].

Alternatively, inelastic electron tunneling has been used to explain photon emis-

sion in STM and MIM tunnel junction [46, 47, 48]. This framework decouples the

electronic and photonic parts of the system and offers guidelines for the improvement
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of plasmonic tunnel junctions. In this framework, upon the application of voltage Vb

on the tunnel junction, the Fermi level of the electrodes move with respect to each

other such that Ef,left − Ef,right = eVb (see Fig. 1.1), where e is the charge of an

electron; and hence the tunneling between the two electrodes begins. Most of the

electrons tunnel elastically but some go through inelastic tunneling and give their

excess energy to the plasmonic mode formed by the two electrodes while passing the

tunnel barrier. The probability of inelastic tunneling depends on the local density

of photonic states inside the tunnel junction and the matrix element 〈ψright|p̂z|ψleft〉

between the initial and final electronic wavefunction. It should be mentioned that the

electrons that tunnel elastically to the counter-electrode, due to their excess energy

with respect to the Fermi level, will be hot electrons. These hot electrons can relax

by exciting the plasmonic mode, however the probability of this process is expected

to be lower than probability of plasmon generation by inelastic tunneling (3 orders of

magnitude smaller for the case studied in [46]).

Figure 1.1 : Shematics of the plasmon assisted inelastic electron tunneling. In the
presense of plasmonic modes in the cavity between tow metals, an electron can tunnel
inelastically through the tunnel barrier and excite a quanta of plasma

After the excitation of the plasmon, depending on the outcoupling efficiency of the
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plasmonic tunnel junction, part of the energy stored in the plasmon will convert to

propagating photons. Outcoupling efficiency of the plasmonic antenna, similar to RF

antennas, is called the antenna efficiency, and is defined as the ratio of the radiated

power to the total power injected to the antenna [47]:

ηantenna =
Pr
Ptot

(1.1)

In recent years, with the advancement in nanofabrication and plasmonic antenna

science and technology, new interest has emerged in light emission from plasmonic

tunnel junctions. In 2015, two groups simultaneously reported electrically driven op-

tical antenna [48, 49]. Parzefall et al. employed Au-hBN-Au junction to create highly

localized gap plasmon and by milling rectangular slots they facilitated outcoupling of

photons [48]. They acheived an external quantum efficiency (EQF) of ≈ 2.5 × 10−5

and were able to modulate light emission up to 1 GHz. Kert et al. used lateral

tunnel junctions to drive a dipole antenna and achieved a EQF of ≈ 3 × 10−4 [49].

Development of the concept now includes the directional electrically pumped plas-

monic nanoantenna [50], launching plasmons with molecules [51, 52, 53], electrical

excitation of a Fano resonance [54], silicon based plasmonic tunnel junction [55] and

demonstration of chemical reactivity of the tunnel junctions [56]. Efficiency of the

devices have improved remarkably from EQF of ≈ 10−5 in STM tunnel junction [42]

to efficiencies higher that 1% in photon emission [57] and SPP generation [58]. Along

with these developments, research on the mechanism of plasmonic tunnel junction is

taking place. Namgung et al [59] and Parzefall et al. [60] disentangled the electronic

and photonic subsystems by employing graphene as one of their contacts. Specifi-

cally, Parzefall et al. demonstrated four orders of magnitude enhancement of photon

emission rate upon introduction of silver nanocube antennas into Au-hBN-graphene

tunnel junction [60].
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Previous works on plasmonic tunnel junction, employed MIM junctions to create

a highly localized gap plasmon inside the few-nm tunnel barrier. The strong gap

plasmon mode is then able to perturb the tunneling electron and cause it to tunnel

inelastically and hence an efficiency above 1% [57] has been achieved in photon emis-

sion. Although without strong plasmonic effect, photon emission cannot compete with

the much faster e-e and e-phonon scatterings, it should be possible to emit photon

by exciting the inherent plasmon of a single plasmonic nanoparticle. Upon achiev-

ing this goal, one can employ the conventional techniques in plasmonics (changing

the size, shape and material of the nanoparticle) to change the spectrum of emitted

photons. In addition, as a single plasmonic nanoparticle is the simplest plasmonic

system, investigation of its properties yields insight into the mechanism of light gen-

eration by inelastic electron tunneling. Light emission from gold nanoparticle and

nanoclusters in STM with different STM tips have been done [61, 62, 63], however

STM tips perturb the plasmon of the nanoparticle.

Here we use few-layer graphene to tunnel electrons into a plasmonic nanoparticle.

Graphene, a monolayer of carbon atoms, is an electrical conductor with ultrahigh

electron mobility [64] at low frequencies and is a dielectric with opacity of only 2.3%

at optical frequencies [65]. The effect of graphene on the plasmon resonance is small

[66]. Hoggard et al. demonstrated that graphene broadens the localized surface

plasmon resoance (LSPR) by ≈ 10 meV, but does not change the spectral position

of the LSPR [66]. Although a plasmon resonance redshift of few tens of nanometer

has also been observed [67, 68, 69], the low opacity of graphene and its compatibility

with the van der waals structures makes it the material of choice for contacting a

plasmonic nanoparticle.
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Chapter 2

Theoretical Framework

In this chapter we will present the theoretical framework for light emission from

plasmonic tunnel junctions.

2.1 Light Emission by Inelestic Tunneling of Electrons

Light emission from plasmonic tunnel junction can be envisioned as a two step process

[47]. Electrons tunnel inelastically from one electrode to the other and give their

energy to the plasmonic mode in the tunnel barrier.

In the limit of weak coupling of the plasmonic mode and the electrodes, one can

use perturbation theory to quantify this rate of energy transfer to the plasmonic

mode. Since the plasmonic mode satisfy the Maxwell equations, the perturbation

Hamiltonian takes the familiar form of Ĥinel = −e/mÂ.p̂ with Â and p̂ being the

vector potential and momentum operators.

An electron with wavefunction ψi and energy Ei inelastically tunnels through the

barrier and fills up the state ψf with a energy level Ef (Ei > Ef ). Employing Fermi’s

golden rule, the rate of this transition is

Γi→f =
2π

~
∑
k

∣∣∣〈ψf , {1ωl}|Ĥinel|ψi, {0}
〉∣∣∣2 δ(Ei − Ef − ~ωk) (2.1)

in which {0} and {1ωk
} are the zero and one-photon states, and l denotes the

different optical modes with energy ωk available inside the tunnel barrier. In a good
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quality insulator, there are no states in the tunnel barrier and the wavefunctions

of the two electrodes decay in the tunnel barrier as the distance from their parent

electrode increases:

ψi(z) = ψi,0e
−κz, z ≥ 0

ψf (z) = ψf,0e
−κ(d−z), z ≤ d

(2.2)

where κ is the decay constant and d is the insulator thickness. The overlap of

the initial wavefunction of the electron ψi , and its final one ψf is necessary for〈
ψf , {1ωl}|Ĥinel|ψi, {0}

〉
to be non-zero. In other words if either of ψi or ψf is zero,

the perturbation matrix element will vanish. As the initial and final wavefunctions

follow Eq. 2.2 in the tunnel barrier, at z = 0 (z = d), ψi (ψf )is maximum in its value

and ψf (psii) is minimum. At the center of the tunnel barrier, neither of ψi and ψf

have decayed too much and
〈
ψf , {1ωl}|Ĥinel|ψi, {0}

〉
is either maximum or close to

its maximum at the middle of the tunnel barrier. Hence, indirect tunneling is usually

envisioned as a process that happens at the center of the tunnel barrier.

Due to the continuous electronic energy levels in the final electrode (and of course

because the optical modes are also continuous in energy) we should write Eq. 2.1 as

Γi→f =
2π

~

∫ ∑
k

∣∣∣〈ψf , {1ωk
}|Ĥinel|ψi, {0}

〉∣∣∣2 δ(Ei − Ef − ~ω)δ(ω − ωk)dω (2.3)

Therefore, the transition rate per unit energy is

γinel (~ω)
∆
=

1

~
dΓi→f
dω

=
2π

~2

∑
k

∣∣∣〈ψf , {1ωk
}|Ĥinel|ψi, {0}

〉∣∣∣2 δ(Ei − Ef − ~ω)δ(ω − ωk)

(2.4)
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To simplify this, we can assume a one-dimensional tunneling in z direction: Ĥinel =

−e/mÂ.p̂ = −e/mÂzp̂z. Furthermore, we can write the total state as a product of

the electronic part and the optical part (i.e. |ψi, {0}〉 = |ψi〉 |{0}〉 and 〈ψf , {1ωk
}| =

〈ψf | 〈1ωk
|). Now by assuming that the spacial variation of the vector potential in the

tunnel barrier is much smaller than the spacial variations in the electronic wavefunc-

tion, one arrives at [47]

1

~
dΓi→f
dω

=
2π

~2

e2

m2

∑
k

∣∣∣〈{1ωk
}|Âz|{0}

〉∣∣∣2 |pfi|2δ(Ei − Ef − ~ω)δ(ω − ωk) (2.5)

In which pfi = 〈ψf |p|ψi〉 and

Âz =

√
~

2ε0ωk

∑
k

[
uk,zâke

−iωkt + u∗k,zâ
†
ke

iωkt
]

=

√
~

2ε0ωk

∑
k

[
ukâke

−iωkt + u∗kâ
†
ke

iωkt
]
.ẑ

(2.6)

where âk and â†k are the annihilation and creation operators for the normal mode

uk, and uk,z is the z component of ul. By insertion of 2.6 into 2.5, we can easily see

[47]:

1

~
dΓi→f
dω

=
π

3~ε0ω

e2

m2

∑
k

3[ẑ.(uku
∗
k).ẑ]δ(ω − ωk)|pfi|2δ(Ei − Ef − ~ω)

=
π

3~ε0ω

e2

m2
ρp(ω)|pfi|2δ(Ei − Ef − ~ω)

(2.7)

in which ρp(ω) =
∑
k

3[ẑ.(uku
∗
k).ẑ]δ(ω − ωk) is the partial local density of optical

states (LDOS) in the direction of the electron flow. As it will be shown in the following

section LDOS, can be calculated from the Green function of the optical system.

The total rate of inelastic tunneling per energy is obtained by a summation over

all occupied initial states i and all unoccupied final electronic states f . Furthermore

we can integrate over all frequencies ω and arrive at[47]:
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Γinel =

∫
π

3~ε0ω

e2

m2
ρp(ω)

∑
f,i

|pfi|2f(Ei)(1− f(Ef ))δ(Ei − Ef − ~ω)dω (2.8)

From equation 2.8 we find that the rate of inelastic tunneling is proportional to

the LDOS in the tunnel barrier and the momentum matrix element between the two

contacts. Based on intuition, one expects that thinner tunnel barrier will increase

the overlap of the initial and final wavefunctions and therefore increase the momen-

tum matrix element. While, rigorous investigation of the role of momentum matrix

element would require density functional theory calculations, by placing some sim-

plifying assumptions, Parzefall et al. [70] were able to write the momentum matrix

element and the ratio of the inelastic to elastic rate in a closed form. To calculate

the momentum matrix element, Parzefall et al. wrote initial and final state as Eq.

2.2 and assumed that the decay constant κ is energy and position independent. With

this assumption the momentum matrix element reads as

pif = −i~κdψi,0ψf,0e−κd (2.9)

Furthermore by assuming a temperature close to zero, Fermi-Dirac distribution

in Eq. 2.8 can be replace with a step function. With the same simplifying assumtion

for temperature, the elastic tunneling rate can be written as

Γel =
2π

~

∫ eVb

0

|T (E)|2ρi (E) ρf (E) dE (2.10)

where ρi/f (E) are the density of electronic states in the two electrodes. The

matrix element for elastic tunneling can be calculated based on the Bardeen’s transfer-

Hamiltonian formalism[71, 47].

T (E) =
~2

2m

(
ψi
∂ψ∗f
∂z
− ψf

∂ψ∗i
∂z

)
z=a

(2.11)
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which needs to be evaluated at a z = a which is a point contained in the overlap

region. Notice that this equation is very similar to the equation for probability cur-

rent. By insertion of initial and final wavefunction (Eq. 2.2), the matrix element for

elastic tunneling reads as

T =
~2κ

m
ψi,0ψf,0e

−κd (2.12)

It can be seen that the matrix element for inelastic (Eq. 2.9) and elastic (Eq. 2.12)

tunneling both decrease exponentially as the thickness of the tunnel barrier increases,

however, due to the appearance of d in the matrix element of inelastic tunneling (Eq.

2.9), the ratio of inelastic to elastic tunneling increases as the thickness of the tunnel

barrier is increased. With the assumption of an energy independent electronic density

of states, the following expression for the source efficiency spectrum is achieved [70]

ηsrc (~ω)
∆
=
γinel (~ω)

Γel
=

e2d2

6ε0~2ω
ρ0

(
1− ~ω

eVb

)
ρp
ρ0

∆
= η0

src (~ω)
ρopt
ρ0

(2.13)

where ρ0 = ω2/(π2c3) is LDOS in vacuum. Notice that η0
src (~ω) is polynomial of

degree 2 with two roots, one at ~ω = 0 and the other at ~ω = eVb, i.e. the efficiency

goes to zero at these frequencies. Furthermore, this quadratic equation suggests that

the maximum source efficiency will happen at ~ω = eVb/2. We will use this fact when

choosing the voltage bias for our device. Therefore, if our device is supposed to emit

light at 2eV , we will apply 4 volts to the junction.
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2.2 Local Density of Optical States

In this section we write the relationship between the uk and the dyadic Green function

of the system. Based on what will be shown, we will see that LDOS of the system

can be readily calculated from the Green function of the optical system.

It is worthwhile to see how the normal modes introduced in Eq. 2.6 related to

the electric field. In Coloumb gauge, E = −dA
dt

which in a time-harmonic field will

result in E = iωA. Therefore E+
k and E−k defined as the component of the field with

frequency ωk traveling in the positive and negative direction will be

E+
k =

√
~ωk

2ε0

uk E−k =

√
~ωk

2ε0

u∗k (2.14)

The normal modes are proportional to E fields and therefore satisfy the wave

equation

∇×∇× uk(r, ωk)− ω2
k

c2
uk(r, ωk) = 0 (2.15)

The solutions to the wave equation are orthogonal, i.e.:

∫
uk(r, ωk).u∗k′(r, ωk′)d3r = δkk′ (2.16)

Here, to generalize the equation a little, we can assume that the media has a

dielectric constant equal to εr:

∇×∇× uk(r, ωk)− ω2
kεr
c2

uk(r, ωk) = 0 (2.17)

The direct result of the insertion of εr to Eq. 2.15 is that the orthonormality of the

normal modes will change to
∫
uk(r, ωk).u∗k′(r, ωk′)d3r = εrδkk′ . We will take this

into account when we use the orthogonality of the uk. Now, the definition of Green

function
↔
G is
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∇×∇×
↔
G(r, r′;ω)− ω2εr

c2

↔
G(r, r′;ω) =

↔
Iδ(r− r′) (2.18)

where
↔
I is the unit dyad. Since the normal modes are the solution of the wave

equation, they form a complete basis, and we can expand
↔
G in terms of them [72]:

↔
G(r, r′;ω) =

∑
k

Ak(r′, ω)uk(r, ωk) (2.19)

By inserting Eq.2.19 in Eq. 2.18 we obtain

∑
k

Ak(r′, ω)

[
∇×∇× uk(r, ωk)− ω2εr

c2
uk(r, ωk)

]
=

↔
Iδ(r− r′) (2.20)

which by the use of 2.17 yields

∑
k

Ak(r′, ω)

[
ω2
kεr
c2
− ω2εr

c2

]
uk(r, ωk) =

↔
Iδ(r− r′) (2.21)

We now multiply both sides by u∗k′ and integrate over space, due to the orthogo-

nality of the modes, we have

Ak′(r′, ω)

[
ω2
k′

c2
− ω2

c2

]
= u∗k′(r′, ωk′) (2.22)

Substituting Eq. 2.22 into Eq. 2.19 we get

↔
G(r, r′;ω) =

∑
k

c2u
∗
k(r′, ωk)

ω2
k − ω2

uk(r, ωk) (2.23)

In order to further simplify the right-hand side, we need to make use of the

following mathematical identity [72]

lim
η→0

(
Im

{
1

ω2
k − (ω + iη)2

})
=

π

2ωk

[δ(ω − ωk)− δ(ω + ωk)] (2.24)
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Multiplying both side of the identity by u∗k(r′, ωk)uk(r, ωk) and summing over k

we arrive at

lim
η→0

(
Im

{∑
k

u∗k(r′, ωk)uk(r, ωk)

ω2
k − (ω + iη)2

})
=
π

2

∑
k

1

ωk

u∗k(r′, ωk)uk(r, ωk)δ(ω − ωk)

(2.25)

Comparing Eq. 2.25 with the Eq. 2.23, we can see that the left-hand side of Eq.

2.25 is the imaginary part of the Green function evaluated at its origin r = r′, hence

we obtain

Im
{↔
G(r, r′;ω)

}
=
πc2

2ω

∑
k

u∗k(r′, ωk)uk(r, ωk)δ(ω − ωk) (2.26)

By comparison of this equation with the definition of the partial local density of

states ρP , we can write the relationship between the Green function of the system

and LDOS [72]

ρP (r0, ω0) =
6ω0

πc2

[
nP .Im

{↔
G(r0, r0;ω0)

}
.nP

]
(2.27)

nP is a unit vector and ρP corresponds to the number of modes per unit volume

and frequency at point r0 in the direction nP . The Green function used in Eq. 2.27

can be calculated by finding the electric field E at point r0 due to a dipole p located

at r0. To find an alternative way to calculate the LDOS, let us look at the rate of

energy dissipation of a dipole emitter.

The radiated power of any current distribution with time-harmonic field in a linear

medium is equal to the rate of energy dissipation dW/dt. Based on Poyinting theorem

this rate is

dW

dt
= −1

2

∫
V

Re{j∗.E}dV (2.28)



16

For a dipole, the current density can be written as

j(r, t) =
dp(t)

dt
δ (r− r0) = −iωpδ (r− r0) (2.29)

Upon insertion of 2.29 into 2.28 we get

dW

dt
=
ω

2
Im {p∗.E(r0)} (2.30)

which shows that the dissipation power depends on the electric field at the position

of the dipole. To simplify further, we need to recall that relationship between the

electric field and the Green function of the system

E(r) = iωµrµ0

∫
V

↔
G(r, r′;ω)j (r′) dV ′ (2.31)

Therefore, electric field of a dipole is

E(r) = ω2µrµ0

↔
G(r, r0;ω)p (2.32)

Using Eq. 2.32, we can rewrite Eq. 2.30 in terms of the Green function

dW

dt
=

ω3|p|2

2c2εrε0

[
nP .Im

{↔
G(r0, r0;ω0)

}
.nP

]
(2.33)

Which allows us to write the dissipated power of the dipole as function of the partial

local density of optical states at the position of the dipole:

P =
dW

dt
=

πω2

12εrε0

|p|2ρP (r0, ω) (2.34)

On the other hand, from black-body radiation theory, we know the LDOS in a

material with dielectric constant εr is εr
3/2ω2

/
π2c3. Therefore, the rate of energy

dissipation by an oscillating dipole in such a medium is

P 0 =
|p|2√εrω4

12πε0c3
(2.35)
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Now by dividing Eq. 2.34 by Eq. 2.35, we arrive at

P

P 0
= ρP (r0, ω)

c3π2

ω2
√
εrεr

=
ρP (r0, ω)

ρ0 (r0, ω)
(2.36)

Equation 2.36 is important both as a numerical tool to calculate LDOS without

calculating the Green function, and also conceptually, as it shows proportionality

of the dissipated power of a dipole and the LDOS at the position of the dipole. It

should be noted that if the dissipated power is calculated numerically in a material

with εr 6= 1, then P 0 and ρ0 need to correspond to power and LDOS calculated in

a material with that specific εr, otherwise, the LDOS calculated with the dissipated

power will be proportional to the LDOS calculated with the Green function, but not

equal to it. Figure 2.1 (d) shows the difference between the LDOS calculated based

on Green function (denoted in the figure by ρG) and the LDOS calculated based on

the dissipated power (denoted in the figure by ρP ) for an aluminum nanorod with a

diameter of 80nm and height of 60nm. As expected, the difference is very small and

only due to numerical errors.

As the numerical error associated with calculating LDOS with dissipated power

is smaller than that calculated with the Green function, in the following Eq. 2.36

is employed for the calculation of LDOS. Figure 2.1 (a) shows the LDOS for an

aluminum nanoparticle (AlNP) on a glass slide and covered on the exposed surfaces

by 5nm aluminum oxide. The LDOS calculated 2.5 nm above the center of the top

surface of AlNP shows only a very small change when the nanoparticle size is changed.

This is due to the fact that most of LDOS is associated with non-radiative energy

decay to the nanoparticle and this non-radiative energy decay is not affected by the

small size changes that we consider here. However, as expected and is depicted in Fig.

2.1 (b), the spectrum of the radiated power can be tuned by changing the dimensions
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of the nanoparticle. The antenna efficiency (Eq. 1.1) of the AlNP is shown in Fig.

2.1.
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Figure 2.1 : FDTD analysis of an aluminum nanorod placed on glass slide (Lumerical
Inc). Relative permitivity of aluminum is obtained from ref. [1] (a) The optical
LDOS of AlNP at 2.5 nm above of the center of the top surface (b) Radiated power
of a AlNP when exited by a dipole (c) The effect of the dimention of the AlNP on
the antenna efficiency of the particle. (d) The subtraction of LDOS calculated with
Green function and that with dissipated power. The small difference is the result
of numerical error. The numerical error in calculating the Green function becomes
pronounced when mesh step is smaller than λ/1000.
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Chapter 3

Single Particle Electroluminescence

3.1 Introduction

In this chapter, we will present the fabrication, electroluminescence (EL) measure-

ment, and simulation of electrically driven single plasmonic nanoparticle (NP).

In the photon source we are presenting, electrons are injected by a graphene

electrode. After electrons tunnel through the tunnel barrier, they excite the LSP of

the gold nanoparticles (AuNP). Another graphene layer with ohmic contact to the

AuNP, closes the electrical circuit. Figure 3.1 shows schematics of the device. Here,

a PMMA cage is fabricated around the NP to avoid a short circuit between the Top

and the bottom graphene electrodes. In Fig. 3.1, the tunnel barrier is not highlighted

so as to simplify this schematics. It should be noted that as the device is symmetric,

the tunnel barrier can be placed either between the bottom graphene and AuNP or

it can be place between the top graphene and the AuNP. In the device that we are

presenting in this chapter, 4nm hBN is used as the tunnel barrier and it is placed

between the bottom graphene and AuNP. By placing AuNPs 800 nm apart, they are

made optically isolated.

3.2 Fabrication

Graphene is exfoliated from natural graphite crystals (NaturGrafit GmbH) with

Scotch tape. A piranha cleaned Si/SiO2 substrate is placed in a plasma cleaner



20

Figure 3.1 : Schematic of graphene-AuNP-Al2O3-graphene. A PMMA cage is used
around the AuNP so as to separate the top and bottom graphene electrodes.

for 5 minutes and is stamped by the tape immediately after its removal from the

plasma cleaner [73]. The substrate with the tape attached is placed on a hotplate set

at 120o C for 5 minutes and afterwards the tape is peeled off. Optical microscope

is used to identify mono-layer and bilayer graphene (see Fig. 3.2 (a)). Next, we use

wet transfer technique to transfer a bilayer graphene (BLG) flake to a coverglass.

We employ poly(Bisphenol A) carbonate (PC) as the polymer scaffold instead of the

popular poly(methyl methacrylate) (PMMA). We choose PC instead of PMMA as it

has been shown that it leaves less residue after cleaning it with chloroform[74]. Figure

3.2(b) shows the flake after the wet transfer. The small amount of polymer residue

after the transfer is removed by annealing with forming gas at 300o C and with a

pressure of 1 Torr. The annealing is done overnight and Fig. 3.2 (c) shows the optical

image of BLG after the annealing.

In the next step, titanium/gold contacts are patterned by e-beam lithography (see

Fig. 3.2 (d)) and the contacted BLG is annealed again in forming gas. Afterwards,

hBN flakes are exfoliated from the bulk and stamped on piranha and plasma cleaned
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(c) (d)

(a) (b)

(e) (f)

Figure 3.2 : Fabrication of graphene-hBN structure. (a) BLG as exfoliated on the
Si/SiO2 substrate. (b) the BLG as transfered to a marked coverglass. (c) shows the
flake after being annealed overnight. Optically visible polymer residue is completely
removed. (d) Ebeam lithography of contacts after the lift-off process. E-spacer was
spin-coated on PMMA, to avoid charging during the lithography. Furthermore, Ti/Au
with thickness 3nm/60nm is used as the contacts(e) hBN with 4nm thickness on a
Si/SiO2 substrate. (f) hBN is aligned and transfered to the top of the contacted BLG.
The edges of hBN is outlined with dotted line.
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Figure 3.3 : AFM image of a BLG-hBN heterostructure after the device was annealed
by forming gas annealing system with 100 mTorr pressure. The surface of the hBN
flake is clean as shown in the line scan shown in (b), proving the effectiveness of using
PC instead of PMMA. (c) line scan of BLG-hBN heterostructure. The interface of
layered heterostucture contains blisters with height as large as 6nm.

Si/SiO2 substrate similar to the procedure described for exfoliation of graphene. The

substrate is then investigated by an optical microscope to find hBN flakes with a

thickness of roughly 4nm (Fig. 3.2 (e)). This hBN flake will act as the tunnel barrier

in BLG-hBN-Au heterostructure. After finding the promising flakes, the flakes are

investigated with an atomic force microscope (AFM) to find the exact thickness and

to avoid flakes which have cracks. Following that, wet transfer with PC scaffold is

used to transfer the flake on top of the BLG flake. Figure 3.2 (f) shows BLG-hBN

heterostructure. Due to the low contrast of hBN flakes on glass, the outline of the

flake is highlighted with dotted line to help identifying the hBN.

The sample is then annealed by forming gas overnight at 100 mTorr . Figure 3.3 (a)

shows the topography of graphene bilayer-hBN heterostructure after the annealing.
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Evidently, the top of the hBN layer is free from polymer residues and has 4 nm

thickness(Fig. 3.3 (b)). However, at the interface of the bilayer graphene and hBN,

there are some blisters that have remained even after annealing. The height of the

blisters is on the order of 6 nm (see Fig. 3.3 (c)). The blisters can be further reduced

by increasing the annealing temperature and having a longer annealing session, but we

have not been able to completely eliminate the formation of blisters. It is suggested

that placing the transfer stage inside a vacuum chamber will eliminate these blisters.

Recently, tilting of the PC block with respect to the substrate and simultaneous

application of a temperature of 180o C (instead of 160o C normally used) have shown

to remove the blisters [75].

Having made the BLG-hBN heterostructure, the next step could be patterning

and depositing gold and a subsequent transferring of another graphene layer as the

other contact. However, in order to avoid a short circuit between the top and the

bottom graphene, and short circuit between top graphene and the gold leads upon

small misaligning, we need to place a thick insulating barrier on top of gold leads and

on the graphene. This thick barrier should have holes in them where the AuNP can

be in direct contact with BLG-hBN heterostructure (see Fig. 3.1).

The insulating cage can be made of any insulating material as long as the leakage

current is small. Figure 3.4 shows 45nm SiO2 patterned into a hole array. The holes

are 200nm wide and are fabricated by e-beam lithography and a subsequent lift-off

process. PMMA is used for the fabrication and cold MIBK:IPA with ratio 1:3 and

temperature -5o C is used to develop the pattern.

The hole array fabricated in Fig. 3.4 is a very sensitive process. The more common

process to fabricate holes are by using negative e-beam resist and a subsequent lift-off

or by using reactive ion etching (RIE). Lift-off process with negative resist normally
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Figure 3.4 : e-beam lithography of 200 nm wide holes in a 45nm silica. PMMA A2
resist and lift-off process is used to fabricate hole array

needs ultra-sonication and the residue left from the negative resist needs to normally

be cleaned by plasma cleaner. RIE process, on the other hand, can to be tuned

and damage to the 2D materials can be avoided. However, in order to reduce the

fabrication complexity, instead of using lift-off process or a process based on RIE to

create the hole array, we used over-exposed PMMA to fabricate the hole array (Fig.

3.5). PMMA is a positive ebeam resist which is soluble in many organic solvents

including acetone, NMP and anisole. Because of this solubility, PMMA itself cannot

be used as an insulating barrier between the top and bottom graphenes. However,

with over-exposure, PMMA can be converted to a negative tone e-beam resist which

does not dissolve in any common organic solvents. We use this property of PMMA

and make the highly over-exposed PMMA into a hole array. In order to know that

inside the holes no residue from PMMA is remained, we first pattern the holes using

the normal e-beam lithography procedure and then over-expose the remaining PMMA
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(a) (b)

Region with Over-Exposed PMMA

Figure 3.5 : (a) Hole array made of over-exposed PMMA. The holes are 350 nm in
diamter and ∼ 30 nm deep (b) fabrication of AuNP in the holes. 100 nm tall and
100 nm diameter gold nanorods are fabricated by e-beam lithography.

by an e-beam dose of 25000 µC/cm2. This e-beam dose is 60-fold larger than the

dose commonly used to pattern PMMA.

After over-exposure of the PMMA, the substrate is left in acetone overnight to

completely remove the not-exposed PMMA. In the next step, gold nanorods are

patterned by ebeam lithography following with a lift-off process. In order to reduce

the optical loss of the AuNP, no adhesion layer (neither Cr or Ti) was used before

the evaporation of gold. Figure 3.5 (b) shows the optical image of AuNPs patterned

on top of the BLG-hBN heterostructure. The AFM image of AuNP is shown in Fig.

3.6. The height profile of the over-exposed PMMA in Fig. 3.6 illustrates that over-

exposing of PMMA is most successful on the conductive BLG. On the other hand,

the areas outside of BLG and the gold contacts show non-uniform coverage with large

spikes. These spikes can be due to the accumulation of electron charge in the PMMA.

Improvement of uniformity of the over-exposed PMMA is expected if lower e-beam

current is used during over-exposure process. For the device in Fig. 3.6, a current of
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Figure 3.6 : AFM image of the AuNP in the hole array made of over-exposed PMMA.
The regions with uniform PMMA is the places where BLG is beneath the PMMA.
Regions with spikes are the regions where PMMA is on top of glass. The scale bar is
4µm

280 pA was used to over-expose the PMMA.

In the next step, few-layer graphene (FLG) is exfoliated and transferred on top of

the heterostructure using PC as the polymer scaffold (Fig. 3.7 (a)). Ti/Au Electrode

with thickness 3 nm / 60 nm is then patterned on this FLG by e-beam lithography

((Fig. 3.7 (b)).

Figure 3.8 (a) shows the height profile of the final device taken with an AFM.

Except for the first two rows of AuNPs which are not covered by FLG, the rest of

the gold nanorods are covered uniformly with the top FLG electrode. This covering

shows itself by obscuring the height of AuNP due to the tenting effect of FLG. Figure

3.8 (b) depicts the PL mapping of the device with a 200 µW 488 nm laser beam.
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(a) (b)

Figure 3.7 : Optical image of fabrication process of the top graphene layer (a) FLG is
transferred to the top of the over-exposed PMMA hole array. (b) E-beam lithography
is used to pattern a contact on the top graphene. This optical image is taken in
transmission mode to highlight the transparency of the fabricated plasmonic tunnel
junction.

(a) (b)

Figure 3.8 : AFM and optical image of the final device. (a) The AFM image of the
height profile of the device. Besides the last two rows, the rest of the AuNPs are
covered well with the FLG. (b) PL map of the final device performed with a 488 nm
laser
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Dark field optical image of the device before and after the transfer of the top FLG

flake is shown in Fig. 3.9. A number of AuNPs show a red-shift in their scattering

of light and this attributed to the their “fall” upon the stamping of the top FLG. In

other words, the transfer of the top FLG involves the stamping of the FLG onto the

AuNP array. The pressure and the lateral force exerted on the AuNPs cause some

of them to either get tilted or even get pressed into the PMMA cage. The particles

which are pressed onto the PMMA cage will have their plasmon resonance shifted

due to the higher refractive index of PMMA compared to air.

(a) (b)

Figure 3.9 : Dark field image of the AuNPs (a) before (b) after the transfer of the
top FLG. The scattering spectra of most of the AuNPs show very small change after
stamping of the top FLG.

3.3 Electroluminescence Measurement

Electroluminescence measurement on the device is done on an inverted microscope

with a 100x oil objective lens (see Fig. 3.10 (a)). The spectrometer is set to zero-order

diffraction and while a voltage of 4 V is maintained, the EL is recorded on the CCD

(Fig. 3.10 (b)). Several nanoparticles start to emit light. It should be mentioned that
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with an even higher quality of tunnel barrier, one that does not suffer from blisters

as shown in Fig. 3.3, it is expected that all the nanoparticles should emit photons.

0

320

160

P
h

o
to

n
 C

o
u

n
t (kH

z)

240

80

(b)(a)

Figure 3.10 : (a) optical setup and (b) electroluminescence recorded by the CCD.
First a real space optical image is taken by illuminating the device with white light.
Afterwards, 4 v bias voltage is applied EL of the device is recorded. The two sub-
sequent images are overlaped and shown in (b). This image show the position of
the nanopaticles which have brighten up. The inset shows the EL recorded by an
avalanche photo diode (APD). An EL count rate of 320 kHz can be seen.

Figure 3.11 (a) shows the I-V measurement of the device. The spikes seen in the

current result from any non-perfect junction (ohmic or tunneling) in our device. By

passing the current through the device, after few minutes, the number and height of

the spikes in the current is significantly reduced as shown in Fig. 3.11 (b). Figure

3.11 (b) shows that the current fluctuates around 600 nA. While monitoring the

current passing through the device, EL spectrum is collected. Figure 3.11 (c) shows

the spectrum of the emitted light. The emission peak is at 687 nm closely following

what we expect from FDTD simulations.

Fourier space image of the emitted photons from AuNPs is shown in Fig. 3.11 (d).

Fourier space image, by showing the emission pattern, provides a direct method to

investigate the dipole orientation. Indeed, Lieb et al. used Fourier imaging technique

to determine the orientation of single dye molecules [76]. Based on Fig. 3.11 (d) we
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Figure 3.11 : (a),(b) IV measurement of the tunnel junction. (a) The initial IV of
the device. The current shows large spikes (b) After few minutes of passing current
through the device, the IV curve becomes stable, implying that the ohmic contacts
are improved upon the passage of current (c) Spectrum of the emitted photons (d)
Emission pattern of the plasmonic tunnel junction shows a dipole emitter with θ ≈
45

o
, φ ≈ 45

o
.



31

estimate that the brightest AuNP had θ ≈ 45
o
, φ ≈ 45

o
orientation.

3.4 Numerical Modeling

FDTD similation of the structure is shown in Fig. 3.12 (Lumerical Inc). Refractive

index of gold, PMMA, graphene and hBN is taken from Ref. [77], Ref. [78], Ref. [79]

and Ref. [80], respectively. Graphene is simulated as a three-dimentional object, with

highly anisotropic permittivity [79]. This will allow us to simply change the thickness

of the 3D graphene and take into account the real thickness of the graphene layer. In

the simulation presented in Fig. 3.12 the thickness of both graphene layers are taken

as 1nm.

A dipole source is placed at center of the 4nm hBN tunnel gap to simulate the

dipole induced by inelastic tunneling of electrons. The x and y position of the dipole

needs be varied depending on how flat the tunnel barrier is. For completely flat

interface between graphene-hBN-gold, it is equally probable for the dipole to be in-

duced anywhere in the cross section of the heterostructure. However, blisters in

the graphene-hBN interface and also the tilt induced on the AuNP axis during the

transfer of the top graphene electrode, make it difficult to predict the position of the

excitation dipole.

Figure 3.12 (a) shows that photonic LDOS at two x-y positions: one at the center

of the bottom face of the AuNP (position A), and the second one, 25 nm away from

the center (position B). Photonic LDOS is essentially the same at both positions since

the LDOS is dominated by the absorption of AuNP and not by its light emission.

This is consistent to what was pointed out in the the explanation of Fig. 2.1.

The spectrum of the radiated power for the two dipole positions are depicted in

3.12 (b). The first peak is located at λ =535 nm and is not seen in the EL spectrum.
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We attribute this to the fact that the calculations done to arrive at Fig. 3.12 (b) only

considered the optical subsystem of the device. As shown in Eq. 2.8, the emission

rate also depends on tunneling properties of the device such as the momentum matrix

elements between the initial and final state, the electronic density of states and also

the occupation probability of the initial and final states. In other words, the spectrum

shown in Fig. 3.12 (b) is calculated by assuming a dipole source in the tunneling

barrier with equal dipole moment for all frequencies. Results from such assumptions

are appropriate for calculating the antenna efficiency (shown in Fig. 3.12 (c)). In

contrast, we needs both the antenna efficiency and source efficiency (Eq. 2.13) to

determine the final spectrum of the device. Indeed, as reported by Kern et al. [49],

in their M-I-M optical antennas two peaks were present in the scattering spectra,

however, only the stronger, lower frequency peak was observed in the EL. Similarly,

the stronger peak of the simulated radiated power spectrum shown in Fig. 3.12 (b)

closely follows the EL spectrum observed in (Fig. 3.11 (c)) if place the induced dipole

∼ 25 nm off the center of the bottom face of AuNP.

Figure 3.12 (d) depicts the simulated emission pattern of an AuNP with zero tilt

angle. As it is expected of a dipole oriented in z direction, the emission pattern has

circular shape with a null at the center.
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Chapter 4

Optical Trapping of Plasmonic Nanoparticles with

Radial Beam

4.1 Motivation

In technology based on nanoantenna, chemically synthesized plasmonic nanoparticles

are preferred compared to nanoantennas made by nanofabrication due to their poly-

crystalline lattice structure. Poly-crystalline lattice in comparison with amorphous

lattice produces smaller ohmic loss in the antenna and as a result improves antenna

efficiency. However, nano-positioning of chemically synthesized nanoparticles is chal-

lenging and special techniques need to be employed. AFM nano-manipulation [81, 82],

electrostatic trapping [83], capillary assembly of nanoparticles [84, 85] and laser trap-

ping [86] are among those techniques.

While AFM nano-manipulation is a promising technique (see Fig. 4.1), it is a

slow process. On the other hand, electrostatic trapping 4.2 is not compatible with

our vertical tunneling scheme and PMMA cages.

The other promising technique, which has been used tremendously in the recent

years to manipulate microparticels, is optical trapping. Whereas, dielectric micropar-

ticles are very suitable for optical trapping, plasmonic nanoparticles have been proved

to be challenging. Due to their large scattering and absorption cross sections at the

plasmon resonance frequency, radiation pressure is extremely large and nanoparticles

will be pushed away in the direction of radiation instead of getting trapped in the



35

(a) (b)

Figure 4.1 : AFM nano-manipulation of 100 nm diameter aluminum nanoparticles.
(a) inital and (b) final position of the target nanoparticle. The nanoparticle is pushed
by an AFM tip operating in tapping more over 10 µm distance.

(a) (b) (c)

Figure 4.2 : Electrostatic trapping of gold nanoparticle between gold electrodes (a)
100 nm diameter gold nanoparticle is trapped between 60 nm apart electrodes. Trap-
ping was done by applying an AC voltage of 800 mV at 10 MHz for 1 min between
the electrodes. (b) Electromigration and (c) accumulation of nanoparticles are two
challenges related to the success of electrostatic trapping.
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strongly focused laser beam [87]. Furthermore, due to their large absorption cross

section, nanoparticle’s temperature increases and the destabilizing effects of thermal

fluctuations enhances. To overcome these destructive challenges, infrared lasers with

trapping wavelength of 1064 nm is used and both gold nanoparticles (with diameter

9.5 nm to 254 nm) [88] and silver nanoparticles (with diameters 20 nm to 275 nm)

[89] have been successfully trapped in three dimentions. On the other hand, vector

beams with radial polarization are promising for laser trapping because they exert no

radiation pressure on the beam axis [90] and have been used to trap carbon nanotubes

[91].

Here we present the calculations for optical trapping of 100nm gold nanoparti-

cle and aluminum nanoparticle with radial beam with trapping wavelength 633 nm.

Trapping with 633 nm laser is beneficial not only because it is the most common

laser in optics labs, but also because it has a smaller focus spot compared to 1064

laser. However, as will be seen, calculations show that even with 10 mW laser power,

the optical trapping potential does not exceed 0.25KBT . The experiment of trapping

with 633 nm radial beam was also performed but optical trapping did not take place.

Trapping with 1064 nm Gaussian beam still seems the most viable solution.

4.2 Optical Force

The optical force exerted on an object can be calculated through Maxwell’s stress

tensor T[92]:

〈F〉 =

∫
d3r∇〈T (r)〉 =

∫
A

〈T〉 .ndA (4.1)

in which A is an arbitrary closed surface around the object. Assuming that the ob-
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ject is surrounded by a medium with non-dispersive dielectric constant εr a magnetic

susceptibility µr, Maxwell’s stress tensor in that medium reads as:

T =

[
ε0εrEE + µ0µrHH− 1

2

(
ε0εrE

2 + µ0µrH
2
)
I

]
(4.2)

It is important to note that the electric and magnetic field vectors appearing in Eq.

4.2 are the total electromagnetic field including the incident and scattered fields.

Furthermore, we can recall that the Lorentz force is

F (r, t) = q [E (r, t) + v (r, t)×B (r, t)]

=

∫
V

[ρ (r, t)E (r, t) + j (r, t)×B (r, t)] dV
(4.3)

Assuming that there is no external charge and current in the object, there will be

only induced currents and charges in the object due to the polarization P. The

current density corresponding to P is j = ∂P/∂t and the charge density follows the

conservation law ρ = −∇.P. Inserting j and ρ into Eq. 4.3 results [72]

F (r, t) =

∫
V

f (r, t) dV, f (r, t) = −E (∇.P) +
∂P

∂t
×B (4.4)

where f (r, t) is the Lorentz force density.

4.2.1 The Dipole Approximation

Since we are going to use visible light for laser trapping and the considered nanopar-

ticles are much smaller than the wavelength of the illuminating light, we can describe

them as dipoles. Polarizability of a dipole located at r0 reads as P = pδ (r− r0).

Before inserting P into Eq. 4.4, one needs to simplify the first term in Eq. 4.4 with:

(∇.(EiP)) = (P.∇)Ei + Ei (∇.P) (4.5)
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Upon integration on volume V we obtain∫
V

−Ei (∇.P) =

∫
V

(P.∇)Ei −
∮
∂V

(EiP) .nds (4.6)

Inserting polarizability of a dipole P into 4.6, we see that the last term vanishes

as long as we define the integration volume in such a way that the dipole is not

located on its surface. Therefore after integration we have −Ei (∇.P) = (P.∇)Ei.

Upon insertion of P = pδ (r− r0) into the second term of Eq. 4.4, we readily obtain

∂P
∂t
×B = ṗ ×B. Hence, in the dipole approximation regime, Lorentz force density

can be written as

F = (p.∇)E + ṗ×B (4.7)

Equation 4.7 is very important and we now employ it to arrive at the time-average

force exerted on the dipole. The second term of Eq. 4.7 can be expressed as [72]

ṗ×B = −p× d

dt
B +

d

dt
(p×B) = p×∇× E +

d

dt
(p×B) (4.8)

where we have approximated dB/dt with ∂B/∂t which is valid as long as the velocity

of the center of mass of the dipole is much smaller that the speed of light. Secondly,

we need to recall the identity

∑
i

Ai∇Bi = (B.∇)A + B×∇×A (4.9)

Upon employing this identity and Eq. 4.8 in Eq. 4.7, we obtain [72]

F =
∑
i

pi∇Ei +
d

dt
(p×B) (4.10)

We can now perform time-averaging on Eq. 4.10. The time-average of the second

term is zero and we arrive at

〈F〉 =
∑
i

〈pi(t)∇Ei(t)〉 (4.11)
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Time-Harmonic Fields

The time-harmonic fields reads as

E (r, t) = Re
{
Ẽ (r) e−iωt

}
B (r, t) = Re

{
B̃ (r) e−iωt

} (4.12)

And in we consider a linear relationship between the dipole and the electromagnetic

field, the dipole will also oscillate with frequency ω and reads as p (t) = Re {p̃e−iωt}.

Furthermore, the induced dipole moment can be written as

p̃ = α (ω) Ẽ (r0) (4.13)

Insering the time-harmonic from of the fields presented in Eq. 4.12 into the Eq. 4.11,

we can write the cycle-average force on the dipole based on the the field phasors as

〈F〉 =
1

2

∑
i

Re
{
p̃∗i∇Ẽi

}
(4.14)

We now employ the linear realtionship in Eq. 4.13 and find

〈F〉 =
α′

2

∑
i

Re
{
Ẽ∗i∇Ẽi

}
+
α′′

2

∑
i

Im
{
Ẽ∗i∇Ẽi

}
(4.15)

where α = α′ + iα′′ is used. Equation 4.15 is the general equation that we can be

used to find the average force exerted on a dipole. However to be able to interpret

the terms, rewriting of Eq. 4.15 is necessary and will follow.

The first term on the right-hand side of Eq. 4.15 can be written as gradient of

the square of the absolute value of electric field

α′

2

∑
i

Re
{
Ẽ∗i∇Ẽi

}
=
α′

2

∑
i

Ẽ∗i∇Ẽi + Ẽi∇Ẽ∗i
2

=
α′

4

∑
i

∇Ẽ∗i Ẽi =
α′

4
∇ (E∗.E)

=
α′

4
∇|E|2 = 〈Fgrad〉

(4.16)
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Since 〈Fgrad〉 is the force associated with the gradient of a scalar, this force is con-

servative. This fact becomes more intuitive when one considers that the pre-factor of

〈Fgrad〉 is the real part of the complex polarizability and the real part of polarizability

is similar in concept to the real part of the complex dielectric function, and one does

not associate losses the real part of the complex dielectric function. It should also be

pointed out that in a tightly focused laser, the 〈Fgrad〉 term creates a potential well

in all dimensions and can trap a particle.

The second term of Eq. 4.15, which is called the scattering force is termed 〈Fscatt〉,

and cannot be written as gradient of an scalar, therefore it is not a conservative force.

It represents the momentum transfer form the photon flux to the particle and can be

further simplified as

〈Fscatt〉 =
α′′

2

∑
i

Im
{
Ẽ∗i∇Ẽi

}
=
α′′

2
Im
[(

Ẽ.∇
)
Ẽ∗ + Ẽ×∇× Ẽ∗

]
=
α′′

2
Im
[(

Ẽ.∇
)
Ẽ∗ + iωµ0Ẽ× H̃∗

]
=
α′′

2
Im
{(

Ẽ.∇
)
Ẽ∗
}

+
α′′ωµ0

2
Re
{
Ẽ× H̃∗

} (4.17)

where we can identify the time-average Poynting vector 〈S〉 = 1
2
Re
{
Ẽ× H̃∗

}
in the

last term. In order to simplify the first term in 4.17, one needs to recall [92]

−2iIm
{(

Ẽ∗.∇
)
Ẽ
}

=
(
Ẽ.∇

)
Ẽ∗ −

(
Ẽ∗.∇

)
Ẽ = ∇×

(
Ẽ× Ẽ∗

)
(4.18)

which is valid as long as ∇.E = 0. By insertion of Eq. 4.18 into the first term of

Eq.4.17, the scattering force can be rewritten as

〈Fscatt〉 = −α
′′

4i
∇×

(
Ẽ× Ẽ∗

)
+ α′′ωµ0 〈S〉 (4.19)

where we have used the definition of time-average poynting vector 〈S〉. By introducing

the spin density force 〈L〉 = ε0
4iω
∇ ×

(
Ẽ× Ẽ∗

)
we can write the scattering force as
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[72]

〈Fscatt〉 =
σ

c
〈S〉+ cσ 〈L〉 (4.20)

where σ = α′′k/ε0 is the absorption cross-section and k = n(2π/λ), n being the re-

fractive index of the surrounding medium. While the term with the poynting vector

is easily identified as the radiation pressure on the particle, the spin curl force is as-

sociated with light fields with non-uniform distribution of spin density. For a linearly

polarized light, the spin curl force is identically zero [92].

4.3 Focal Fields

With the assumption of a paraxial beam, one can write the fields at the focal point

of an objective as [72]:

Erad (ρ, ϕ, z) = −ikf
2

2w0

√
n1

n2

E0e
−ikf


i (I11 − I12) cosϕ

i (I11 − I12) sinϕ

−4I01

 (4.21)

Hrad (ρ, ϕ, z) = − ikf 2

2w0Zµε

√
n1

n2

E0e
−ikf


−i (I11 + 3I12) cosϕ

i (I11 + 3I12) sinϕ

0

 (4.22)

Egauss (ρ, ϕ, z) = −ikf
2

√
n1

n2

E0e
−ikf


I00 + I02 cos (2ϕ)

I02 sin (2ϕ)

−2iI01 cosϕ

 (4.23)

Hgauss (ρ, ϕ, z) = − ikf

2Zµε

√
n1

n2

E0e
−ikf


I02 sin (2ϕ)

I00 − I02 cos (2ϕ)

−2iI01 sinϕ

 (4.24)

in which
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I00 (ρ, z) =

∫ θmax

0

fw (θ) (cos θ)1/2 sin θ (1 + cos θ) J0 (kρ sin θ) eikz cos θdθ (4.25)

I01 (ρ, z) =

∫ θmax

0

fw (θ) (cos θ)1/2sin2θJ1 (kρ sin θ) eikz cos θdθ (4.26)

I02 (ρ, z) =

∫ θmax

0

fw (θ) (cos θ)1/2 sin θ (1− cos θ) J2 (kρ sin θ) eikz cos θdθ (4.27)

I11 (ρ, z) =

∫ θmax

0

fw (θ) (cos θ)1/2sin2θ (1 + 3 cos θ) J1 (kρ sin θ) eikz cos θdθ (4.28)

I12 (ρ, z) =

∫ θmax

0

fw (θ) (cos θ)1/2sin2θ (1− cos θ) J1 (kρ sin θ) eikz cos θdθ (4.29)

fw (θ) = e
− 1

f20

sin2θ
sin2θmax (4.30)

f0 =
w0

f sin θmax

(4.31)

where f0 is called filling and f is the effective focal length of the objective, θmax =

sin−1(NA/n2) in which NA is the numerical aperture of the objective and n2 is the

refractive index of the material that the paraxial beam is focused in and n1 is the

refractive index of the material that the beam was traveling in before entering the

objective, Jn is the nth-order Bessel function and fw is the apodization function, w0

is the waist radius. E0 is related to the Poynting vector as I0 = |E0|2/2Z0, where Z0

is the wave impedance and is equal to 120π in free space. For a Gaussian beam, the

Poynting vector I0 and the total power transmitted by the beam P0 is related as

P0 =
1

2
I0πw

2
0 (4.32)

Here we use an objective oil with n2 = 1.518. Light passes through the objective

oil and enters to the coverslip where the sample is. As the refractive index of the

coverslip matches the objective oil, light will not refract on the interface of the oil

and coverslip. Nanoparticles are dispersed in water and a droplet of the solution is

dropped on the coverslip. Here, the refractive index of water n = 1.334 is not equal
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to the objective oil, and light will refract, how in the first order of approximation

we can assume that this refraction is not large and focal fields are the same as those

written in Eq. 4.21. The effective focal length of a Nikon 100x objective is 2 mm and

we use w0 = 1.5 cm and a filling factor of 1.5 in the calculations.

4.4 Results

The dielectric polarisability of a Rayleigh particle reads as

α =
α0

1− ik3α0

6πε0

α0 (ω) = 3V ε0
εm (ω)− ε
εm (ω) + 2ε

(4.33)

where k = n(2π/λ), V is the volume of the nanoparticle, n and ε are the refractive

index and relative permitivitty of the medium and εm is the relative permitivitty of

the metal.

As noted in Eq. 4.16 and Eq. 4.20, the force exerted on a nanoparticle can be

broken to three components: the gradient force, the radiation pressure force, and

the spin curl. Figure 4.3 depicts the ρ̂ component of the force exerted on a 100nm

diameter gold nanoparticle by a radial beam traveling in ẑ the direction. The gradient

force in the ρ̂ direction, is an order of magnitude larger than the force due to radiation

pressure and spin curl. Therefore, the total force (Fig. 4.3 (d)) in the ρ̂ direction

closely follows the term due to intensity gradient. Note that the radiation force on

the beam axis (ρ = 0) is zero as expected from a radial beam.

On the other hand, Fig. 4.4 depicts the force in the ẑ direction, again for a radial

beam propagating in ẑ direction. The force in the ẑ direction due to the spin curl is

three times larger than the gradient force. The force associated to radiation pressure
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Figure 4.3 : The calculated force exerted on a 100nm diameter gold nanoparticle by
a radial beam with the wavelength 633nm in the ρ̂ direction. The force due to (a)
intensity gradient, (b) radiation pressure, and (c) spin curl. (d) summation of the
forces depicted in (a), (b) and (c).

is zero on the beam axis, furthermore, it has two lobes with equal positive value.

These two lobes are expected once one recalls that a radial beam has a donut shape;

in addition, the value of the fz is positive as expected from radiation pressure for a

beam traveling in the ẑ direction. The total force as depicted in Fig. 4.4 (d) has still

trapping capability but in the case that the trapping were to happen, it would have

been 300 nm above the focused spot.
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Figure 4.4 : The calculated force exerted on a 100nm diameter gold nanoparticle by a
radial beam in the ẑ direction. The force due to (a) intensity gradient, (b) radiation
pressure, and (c) spin curl; and (d) the summation of intensity gradient, radiation
force and spin curl. As the spin curl component of the total foce is strong a the
focused spot of radial beam, the total force in the ẑ direction is distorted from what
it would be if only the gradient force was present.

We should recall that the total force exerted on the nanoparticle can be calculated

from Eq. 4.14, however, we rewrote Eq. 4.14 as a summation of three forces (namely:

intensity gradient, radiation pressure and spin curl) only to get intuition to the na-

ture of the force applied on the nanoparticle, nevertheless 4.14 has fewer numerical

operation and is more appropriate to use, if the total force exerted on the nanopar-
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ticles is wanted. Figure 4.5 compares the total force calculated from Eq. 4.14 with

that calculated from summation of the three forces. Forces obtained based on both

methods have similar pattern and very close numerical values. The small differences

are due to the accumulation of numerical error when several numerical derivative is

performed. As the method using Eq. 4.14 is more accurate, this equation will be

used for the rest of the results.

F
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o
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(a) (b)

(d)(c)

Figure 4.5 : Comparison between the total force calculated (a),(c) from summation
of Eq. 4.16 and Eq. 4.20 and (b),(d) from Eq. 4.14. (a) and (b) show the force in
the ẑ direction, and, (c) and (d) show the force in the ρ̂ direction.

Trapping of a nanoparticle is easily disrupted if the trapping potential is not much
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larger than the thermal fluctuations. From the force profile, the trapping potential

can be calculated as

Vtrap(r) = −
∫ r

∞
〈F(r′)〉.dr′ (4.34)

From Eq. 4.14, optical forces can be calculated and by inserting those forces in

Eq. 4.34, the optical potential well that the particle experiences can be calculated.

Figure 4.6 shows the optical potential created by radial beam with λ = 633 nm for

(a), (b) 100nm gold nanoparticle, (c), (d) 100 nm Aluminum nanoparticle. The beam

is creating an optical potential well smaller than one KBT. Albeit, this potential is

not sufficient to trap a particle (as it was also confirmed by experiment), the presence

of a potential well is still non-trivial and is due to the vectorial nature of the beam.

In fact, in contrast to the radial beam studied here, calculations on optical trapping

with 633nm Gaussian beam has shown that a 100nm diameter gold nanoparticle will

not experience an optical trap [93] and due to the strong absorption and scattering

at this wavelength, radiation pressure overwhelms the gradient force when Gaussian

beam is used.

In stark contrast to the 633 nm wavelength, at λ = 1064 nm, the absorption and

scattering of plasmonic nanoparticles is much reduced and with a Gaussian beam at

this wavelength, 15 × KBT potential well will be formed for 100nm diameter gold

nanoparticle (see Fig. 4.6 (e) and (f)). This is in accord with the successful trapping

reported previously for both gold and silver nanoparticles employing 1064 nm gaussian

beam [88, 89].
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Figure 4.6 : Optical potential of a 100 nm (a),(b)gold nanoparticle and (c),(d) alu-
minum nanoparticle at the focal point of 633 nm radial beam. (e) and (f) show the
optical potential of 100 nm gold nanoparticle in 1064 nm Gaussian beam. (a),(c)
and (d) depict the potential in the transverse direction and (b), (d) and (f) show
the optical potential in the parallel direction. Due to strong spin curl force in redial
beam, the optical trap in too small to overcome the disruptive thermal fluctuations.
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Chapter 5

Conclusion

We fabricated a plasmonic tunnel junction to excite the plasmon resonance of a single

nanoparticle. The tunnel junction was formed by a bilayer graphene - hBN - gold

nanoparticle - few-layer graphene junction where the bilayer graphene injected the

electrons to the gold nanoparticle and the few-layer graphene collected them. We

chose graphene as the contact material since it is conductive at dc frequencies but

becomes a dielectric with low opacity in the visible. Upon applying a dc bias, inelastic

electron tunneling excited the localized plasmon resonance of the nanoparticle and

the radiative decay of the plasmon were detected by a CCD. The spectrum of the

emitted photons had peak at 687 nm and followed the FDTD simulations for the

dipole mode of nanoparticle.

Finally, while we used top-down fabrication to create the gold nanoparticles, we

also considered bottom-up patterning of colloidal nanoparticles. While we were suc-

cessful in electrostatic trapping and AFM nano-manipulation, optical trapping with

a 633 nm wavelength radial beam was not successful. Here we reported the detailed

calculations of the optical force exerted on the gold nanoparticle at the focused spot

of a radial beam to explain the experiment.
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