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ABSTRACT OF THE DISSERTATION

Plasmonics in Quantum region

by

Haoliang Qian

Doctor of Philosophy in Electrical Engineering (Photonics)

University of California San Diego, 2018

Professor Zhaowei Liu, Chair

Plasmonics is a rapidly growing field of research that has been intensely investigated in

the past few decades, for its abundant underlying physics and fruitful practical applications in

nanophotonics, integrated optics, optical communication and information processing. Benefiting

from the ability to confine light below the diffraction limit and its ultrashort response time (∼ 100

fs), a plasmonic-based optical device provides an ideal platform for the study of ultra-strong

light-matter interaction and has demonstrated great promise in the strong-coupling quantum

system, ultra-fast optical modulators and efficient chip-scale nonlinearities. However, the

traditional plasmonic materials and nano-structures suffer from several drawbacks that hinder the

further development of plasmonics, such as high optical loss and a limited nonlinear response.
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As a result, recent plasmonic-based devices have moved towards the quantum regime, searching

for the better solution. And many recent reported results show noteworthy achievement. In

this thesis, we have demonstrated that an efficient and tunable light source could be realized

in delicately fabricated plasmonic nanostructures both in non-resonant and resonant conditions

(with the metallic quantum well). It is done by engineering the electron wave-function coupling

between plasmonic nanostructures (such as optical nano-antenna), and thus an efficient light

generation is reached, which brings on-chip ultrafast and ultra-compact light sources one step

closer to reality. In addition, we have shown that the nonlinear susceptibilities of ultra-thin

plasmonic films could be engineered to be the state-of-the-art. It is done by introducing the

quantum confinement into the plasmonic films (such as Au, Ag or TiN), so that a metallic

quantum well is formed, which becomes new building blocks for the more complex plasmonic

structures, such as metamaterials. This thesis starts from the theoretical investigation, followed

by the nano-fabrication and experimental characterization, ends up with several interesting

phenomena, their hidden physics and valuable applications. These quantum plasmonic materials

and nano-structures realized in this thesis enable the further integration and functionalization of

the plasmonic-based optical devices in the ultra-strong, efficient and fast light-matter interaction

regime.
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Chapter 1

Introduction

Plasmonics [1–4], a field which has emerged within the last decade has brought tremendous

new opportunities to control light at scales previously thought impossible, e.g. the super-resolution

imaging [5], optical nano-cavity [6], ultra-sensitive on-chip sensors [7] and high speed optical

modulators [8, 9]. Owing to the giant field enhancement, large optical density of states (DOS)

and related Purcell factor can be realized [10], which brings the engineering of the light emission

efficiency and makes the high speed optical response achievable. One step further, strong coupling

between the plasmonic resonance mode and the exciton states can be realized when the plasmonic

mode volume reduced [11–13], as expected from the field confinement, which intrigues the fruitful

underlying physics and gives the optical solutions for the quantum information processing.

Benefit from the ultra-high electric field enhancement and radiative coupling efficiency

of designed plasmonic nanostructures [14], nonlinear optics, such as second/third harmonic

generation (SHG/THG), have been demonstrated by low-intensity laser oscillators without costly

power amplifiers in recent years [15, 16]. Nonlinear optics has been an extensive research focus

since the generation of laser in the 1960s. The nonlinear interaction of light with matter itself leads

to many interesting physical phenomena, such as harmonic generation [17], optical parametric
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oscillation [18], and optical soliton [19, 20]. What′s more, the nonlinear effects also lead to

many practical applications. For example, frequency-comb generated in optical cavities has been

applied in metrology and optical communication system [21–25], and super-continuum generated

through photonic crystal fibers [26,27] are nowadays routinely used as a coherent broadband light

source. However, despite much effort and many years of advancement in this field, chip-scale

integrated nonlinear optics has yet to be realized due to the lack of materials with exceptionally

high nonlinear responses.

1.1 Basic optical properties of surface plasmonics

Plasmonics, including the propagation surface plasmonics (SPP) and localized surface

plasmonics (LSP), is an electromagnetic excitation existing at the interface between a dielectric

and a metal. Surface plasmonics can be generated by either an irradiating electromagnetic wave

or high-energy electrons [2]. Due to the ability to produce highly confined optical fields below

the diffraction limit, surface plasmonics has wide scientific and technological applications such

as plasmonic lasers, optical antennas, optical sensors, and subwavelength waveguides.

Typical plasmonic materials are noble metals such as silver, gold and aluminum, as well

as some of the transition metal nitrides, such as TiN and ZrN [28]. Under the classical pictures,

the plasmonic materials can be treated as free electrons with high electron density and thus, the

optical properties can be modeled as the Drude model [29], shown in the Eq. (1.1).

ε = 1−
w2

p

w2 + iwγ
(1.1)

where the wp is the bulk plasmon frequency and γ is the damping rate. The most simple geometry

sustaining surface plasmon polariton is that of a single, flat interface between the metal (silver as

an example here) and dielectric SiO2 as schematically drawn in Figure 1.1.

To quantify the SPP properties, the wave equation is needed, which can be derived from
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Figure 1.1: Geometry for SPP at a single interface between a metal and a dielectric.

the Maxwell’s equation. We skip all the derivation here and the wave equation for the surface

plasmonics is deduced as the following equation 1.2.

∂2E(z)
∂z2 +(k2

0ε)E = 0 (1.2)

By solving the wave equation, we would get all the solutions for the plasmonic modes and it is

found out that only TM mode exists for the SPP [2]. One of the most important results from the

wave equation is the dispersion relation of the SPP. For the single interface between the silver and

the SiO2 as an example, the dispersion relation is shown in the Fig. 1.2.
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ωsp, air
ωsp, SiO2

Figure 1.2: Dispersion relation of the SPP in the sinlge Ag/SiO2 and Ag/air interface. The SPP
wave is schematically illustrated in the inset.

Another type of surface plasmonics is the localized surface plasmons. Localized surface

plasmons, compared with the SPP, are non-propagating excitations of the conduction electrons in

metallic nanostructures coupled to the electromagnetic field. These modes arise naturally from the

scattering/absorption of a sub-wavelength metallic nanoparticles/nanostructure in an oscillating

electromagnetic field, where the curved surface of the particle exerts an effective restoring force

on the driven electrons, so that a resonance can arise, leading to the field amplification both inside

and in the near-field area outside the particle. Due to the curved surface, the localized plasmon

resonances can be excited by direct light illumination, with the momentum mismatch fulfilled

by the light scattering on the surface, in contrast to propagating SPP, where the momentum

conservation need to be considered for the wavelength dispersion. A typical localized plasmon

excitation of the Au particles are presented with the scattering response in Fig. 1.3.

4



nanoparticle

Electrons

Figure 1.3: Au particle size-dependent (radius r) scattering resonance, where the peak
wavelength corresponds to the localized surface plasmon.

In Fig. 1.3, the scattering cross section (SCA) is simulated and plotted for different radii

of the Au particle, where the resonance peak wavelength is gradually increased with the radius,

as marked by the dashed line. The inset shows how the incident electromagnetic wave drive the

electron cloud in the metallic nanoparticles.

1.2 Quantum size effect on optical material properties

With the development of nano-fabrication techniques, the dimension of plasmonic devices

has been shrunk into the nanoscale [30], where the impact of quantum physics becomes important

[31, 32]. Various nanometer scale plasmonic devices have shown new features that differ from

traditional plasmonics [31–34]. Over the past few years, the impact of quantum effects on

the linear properties of plasmonic devices has been examined from both experimental [32, 35]

and theoretical [36–38] point of views. One of the most important effects from the quantum
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plasmonic devices is the quantum confinement of the free electrons in the plasmonic materials,

which can be achieved by reducing the dimension of the devices. This will results into two major

consequences: 1. the electron wave-functions will be extended to the width of the quantum well,

and thus the increasing of the electron dipole moment. 2. There exists the optical transition

between each electronic eigen-state, which will affect both the linear and nonlinear optical

properties. A typical metallic quantum well (TiN/Al2O3) is plotted in Figure 1.4. The electronic

eigen-states and eigen-function are clearly visible, together with the electronic dispersion for

these subbands, where the optical transition can happen near the Fermi level. The electron

wave-function engineering of the plasmonic materials opens a new realm for the design of the

linear/nonlinear optical properties in the visible/near infrared region where the typical plasmonic

material lies in.

E6

E5

E4

E3

E2

E1

Figure 1.4: Band structure of an 1.5 nm TiN/Al2O3 quantum well. (a) Energy levels of the
metallic quantum well. (b) Electronic dispersion of the subbands. The dashed line indicates
the Fermi energy. The arrows indicate the main optical transitions that can take place in the
structure.
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1.3 Applications of surface plasmonics in quantum region

With the existence of the quantized energy states, the engineering of the large nonlinear

coefficient on the plasmonic materials will come up at once for the efficient light-matter interaction

applications. With the large free electron density (on the order of 1028m−3) and giant dipole

transition moment (on the order of the quantum well width), the nonlinear susceptibility will

be order-of-magnitude higher than the classical nonlinear medium, such as gold, and traditional

nonlinear crystals, such as SiO2 and LiNbO3. Due to the promising nonlinear properties from the

metallic quantum well, a lot of vital nonlinear applications, such as pulse limiter, wave-mixer,

super-continuum generation or frequency comb can be realized on the nanoscale level.

As we mentioned in the early part of this chapter, besides the low nonlinear response, the

plasmonic materials also suffers from the loss. In this case, an promising and interesting direction

will be the plasmonic enhancement light emission in the quantum region. As we know that, the

traditional plasmonic material possess the Purcel effect, which can enhance the light emission

process, such as intensity and speed [10, 39]. With the plasmonic materials entering into the

quantum region, light emssion process can be directly engineered through the electronic energy

states and corresponding wave-functions. For example, the traditional semiconductor quantum

dot excitons can be coupled with the intersubband transitions (intersubband plasmon) in metallic

quantum well where the light emission process will be modified to be faster and brighter. What’s

more, the metallic quantum well can be inserted into traditional plasmonic nano-junctions that is

based on the inelastic tunneling process, to form the resonant tunneling junction, so that the light

generation efficiency can be greatly promoted into more than 20% level.

Future application may focus on the combination of the electron wave-function engineering

in quantum sized materials with the specific design of the photonic or plasmonic cavities (or

waveguide), as well as the coupling between each plasmon system, which would enable the

efficient light-matter interaction even with the single-photon manipulation.
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Chapter 2

Theoretical modeling

Plasmonics that utilizes the interaction of light and charged particles, such as electrons

in metals, has been an area of interest for decades. It has led to many fascinating applications

in a unforeseen degree of freedom. With the development of nano-fabrication techniques, the

dimensions of the plasmonic device have been shrunk into the nanoscale. Under this context,

the field of quantum plasmonics, which combines quantum mechanics with plasmonics, has

emerged and drawn much attention recently. In order to explore the underlying physics for the

plasmonics in quantum region, a theoretical model which can accurately calculate or predict the

plasmonic materials’ permittivities, including the linear permittivity and nonlinear susceptibility,

is extremely in demand. There has been several approaches to deal with quantum plasmonics,

for example, nano particles with quantum size model [35, 38], quantum correlated model [37] or

density function theory [40]. The agreement between those theoretical models and experimental

result, however, is only qualitative, and a more accurate model is still not available. Here, we

choose the ultra-thin metallic film as a platform to study the quantum plasmonics and propose

a quantum electrostatic model to deal with the linear and high order optical properties in the

metallic quantum well system.
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2.1 Approach for the quantum size effect

Although the quantum behavior has been extensively explored with various theoretical

models in the context of semiconductor quantum wells [41], these models cannot be directly

applied to metals, due to the large electron density and different band structures. Ultra-thin

plasmonic films had previously drawn wide research interests in the context of quantum physics

[42–45], and recent effort has been focused on the optical properties of ultra-thin metal films

with thickness of a few nano meters. Besides the classical Drude model [46], several new

theoretical methods have been proposed, such as quantum size model [35,38], quantum correlated

model [37] or density function theory [40]. The agreement between those theoretical models

and experimental result, however, is only qualitative, and a more accurate model is still not

available according to our knowledge. Therefore, we propose a Quantum Electrostatic Model

(QEM) to study the electron dynamics within a metallic quantum well. The major concern for this

QEM model is the consideration of the electron-electron interaction and re-distribution within

the quantum wells due to the large electron density. More specifically, a theory based on the

self-consistent solution of Schrdinger equation and Poisson equation is applied for the calculation

of the ultra-thin plasmonic films.

We first choose the ultrathin gold film for studying the QEM model. The gold film is

grown on top of a quartz substrate with the thickness about 2.5 nm. The quantum confinement

effects would become pronounced when the thickness of the film is comparable to the de Broglie

wavelength of the electron. For such ultra-small thickness, a quantum well would be formed by

the potential barrier from vacuum and quartz on two sides of the gold, and the continuum energy

levels of the free electrons in the case of bulk gold will become discrete in the metallic quantum

well.

Magnetron sputtering is being used for the film growth, and the growth conditions,

including the pressure, gas flow, power, et.al, have been optimized to give better uniformity and

9



less surface roughness. Figure 2.1 shows the atomic force microscopy (AFM) image of one of

our optimized 2.5 nm gold film samples. As can be seen here, although the film is not perfect flat

as indicated by the surface fluctuations, it is not broken at 2.5 nm thickness level. Also shown

in the lower inset is the statistics of the film thickness variations, where we can see the surface

roughness (root mean square) of the film thickness is about 0.5 nm.
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Figure 2.1: AFM image of the 2.5 nm gold thin films. Here shows the film edge on the substrate.
The upper inset shows the averaged height on the both side across the edge (the mean thickness),
indicating the mean thickness of the film is about 2.5 nm. The lower inset shows the surface
roughness is around 0.5 nm.

2.2 Linear material properties with quantum size effect

In order to obtain the linear material properties of the ultra-thin metallic film, we developed

an extraction strategy, which combines the multilayer transfer matrix method [47] and a two

dimensional Newton iteration method. More specifically, the linear material properties are

extracted from the reflection and transmission measurement under fixed angle and polarization

with the transfer matrix method. Since the transfer matrix method is universal for all the film
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thickness and as long as the reflection and transmission measurement is accurate, the extracted

material properties will be valid. The measured spectral reflection and transmission are shown in

Fig. 2.2(a) and (b), and the corresponding extracted n and k for films with different thicknesses

are plotted in Fig. 2.2(c) and (d), respectively. Also the n, k value for bulk gold from Johnson and

Christy are plotted using dashed-black curves. Both n and k for 7 nm and 15 nm are quite similar

and converge to bulk values, which are expected. The case of 2.5 nm film is quite different: the

increase of n and the decrease of k make the 2.5 nm gold film less like metal. Moreover, unlike

the n and k for thicker films (where both of which increase with wavelength), n decreases, while

k increases with wavelength for 2.5 nm film in the 1 to 2 µm wavelength range.
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Figure 2.2: Reflection (a) and transmission (b) with refractive index n (c) and extinction
coefficient k (d) for the 2.5 nm, 7 nm, and 15 nm samples. Optical constants of the thin film
samples are extracted from reflection/transmission data. n and k for 7 nm and 15 nm are very
similar, and converge to bulk values (dash line, tabulated data from Johnson and Christy). The
behavior for the 2.5 nm sample is significantly different from those for 7 and 30 nm sample,
indicating the impact of quantum size effect. Predictions from our QEM are also plotted, all
showing good agreement with experimental result.

Clearly, such a distinct behavior of the optical constants is related to the change in film

thickness. Based on the observed experimental results. In the following paragraphs, we will

describe the Quantum Electrostatic Model in details and try to calculate the optical properties by
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considering the electron dynamics within the thin metallic films in the QEM. The starting point is

the Schrdinger equation:

1
2m

[~̂p+
e
c
~A]2 |ϕ〉+V (~r) |ϕ〉+φ(~r) |ϕ〉= E |ϕ〉 (2.1)

In the Eq. 2.1, the m and e are the effective mass and charge of the free electrons, ~̂p is

the momentum operator, c is the speed of light in vacuum, ~A and φ(~r) are the vector and scalar

potential associated with the applied electromagnetic field, which can be set as zero in our case,

and V (~r) is the potential determined by the metallic quantum well structure. The solution from

Schrdinger equation alone, however, is not self-consistent because the potential V (~r) is modified

by the electron distribution inside the quantum well. To account for this effect, Poisson equation

needs to be included. The Schrdinger equation is firstly solved with an initial guess for the

potential V (~r) from the shape of the quantum well. Electron density is then obtained from the

eigen-energies Ek and wave functions ϕk following

ρ(z) = ∑
k=1
|ϕk(z)|2

m
π~2

∫
∞

Ek

dE
1+ e(E−µ)/kBT

(2.2)

where µ is the Fermi energy, ~ is the reduced Planck constant, kB is the Boltzmann constant, T is

kelvin temperature and assuming the metallic quantum well is in the z direction. Poisson equation

is then solved to find the new potential based on the electron density calculated from Eq. 2.3

∇[ε0εstatic∇V (z)] =−ρ(z) (2.3)

where ε0 is the vacuum permittivity and εstatic is the relative static permittivity of the ultra-thin

gold film. The updated potential V (z) is then substituted back into the Schrdinger equation to

solve for the new eigen energies and wave functions. This iteration process is repeated until

finally a self-consistent electron density ρ(z) and potential V (z) are obtained.
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Once the eigen energy En and eigen wave function |ϕn〉 are solved from the iteration

process, the permittivity of the metallic quantum well can be calculated using the following

expression:

ε = 1−
ω2

p

ω2 =
8πe2

Ωm2ω2 ∑
i j

fiEi j| 〈i|~̂p | j〉 |2

E2
i j−~2ω2

(2.4)

where the plasma frequency ωp is determined by the electron density ρe through ω2
p = ρee2/mε0,

Ω is the volume of the quantum well, Ei j = Ei−E j is the difference in eigen energies. fi =

1/(1+ e(Ei−µ)/kBT ) is the Fermi-Dirac occupation factor for the ith state.

The above iteration assumes a quantum well from a perfect metallic film, where the

relaxation process of electrons is neglected. In reality, electrons are affected by the relaxation

process due to either lattice vibration (thermal excitations), or static imperfections (such as

impurities) or the impact of boundaries. So it is necessary to include this effect as well. An

electron relaxation time τ is used to quantify the strength of this effect. Such effect cannot be

included simply by replacing ω with ω+ i/τ in Eq. 2.4 because it fails to conserve the local

electron number. In order to account for the relaxation process, we adopted the model from

Mermin [48] and the permittivity is obtained in the following form

εcorr(ω) = 1+
(1+ i/ωτ)(ε−1)

1+(i/ωτ)(ε−1)/(εstatic−1)
(2.5)

The refractive index n and extinction coefficient k are finally obtained as: n = Re(
√

εcorr) and

k = Im(
√

εcorr).

Numerical simulations based on the QEM are preformed for the metallic thin films with

different thicknesses. Calculated n and k, and the corresponding RT curves are plotted in Fig.

2.2, where theoretical predictions match quite well with experimental results for all 3 different

thickness samples from bulk metal to metallic quantum wells. This clearly shows that QEM is

valid in describing the electron dynamics inside a metallic quantum well. The reason for such a

different behavior for the 2.5 nm thin film as compared to the thicker ones (7nm and 15nm) is the
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modification of the quantum corrected terms (the last term on the right hand side of Eq. 2.4) to

the material properties. In the limit of bulk gold film, the energy states of the free electrons are

continuum and the wave functions are plane waves, which will lead the quantum-corrected term

to go to zero. The contribution from this term is no longer zero in the quantum region, where

the free electrons are quantized. The eigen-states and eigen-function for the 2.5 nm and 15 nm

metallic quantum well is provided in Fig. 2.3.
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Figure 2.3: Eigen energies and wave functions for the 2.5 nm (left) and 15 nm (right) quantum
well. The values of the eigen-energies are indicated by the height of each horizontal line (red),
while the black line indicates the Fermi level.

It is important to note that our model characterizes the behavior of free electrons under

the impact of quantum size effect. It can be applied to materials as long as their optical properties

can be approximated by free electron model, and can be very easily generalized to other metallic

quantum structures, such as quantum wires and quantum dots. Other effects that are related to

the band structure of gold atom itself, such as the interband transition, exciton absorption are

not covered in this model, but can be included by adding the additional terms. For example,

the interband transition can be included through ε = εcorr + εIB, where the εIB represents the

interband transition [49].

The parameters used for the numerical simulations with the 15 nm, 7 nm, and 2.5 nm

thick films are summarized in Table 2.1. As expected, the parameters of 15 nm samples are
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almost identical to those of bulk material. As film thickness is reduced, the electron effective

mass m, relaxation time τ, and the absolute value of static permittivity εstatic all decrease. The

reduction of the relaxation time agrees with previous investigation [50,51], and can be understood

from the fact that the impact of boundaries and imperfection from thickness variation become

more and more important as film thickness is reduced. The effective mass of thin gold film was

experimentally measured to be smaller than its bulk value previously. The static permittivity

has been investigated for thin films and was also found to decrease as thickness is reduced. All

parameters are in reasonable range and agree with the previous findings.

Table 2.1: Simulation parameters for the 2.5 nm 7 nm,,and 15 nm thick thin films

Thickness (nm) m τ(fs) εstatic
2.5 0.36me 4.54 -1300
7 0.81me 7.05 -7000

15 me 10 -15000

As a final comparison, we plot the calculated RT curves from Drude model, nonlocal

model, quantum size model and QEM with 2.5 nm and 7 nm gold film, together with the

measured experimental curves in Fig. 2.4. For the Drude model, we use a plasma frequency

ωp = 1.38× 1016 rad/s and relaxation time τ = 9.3 fs, which are the typical values for gold.

For the nonlocal model, we adopt the model from Ref. [36], and use the parameters for gold

provided within it. For the quantum size model, we use the model from Ref. [38], and use the

same parameters listed in Table 2.1.

As can be seen from Fig. 2.4, Drude model can give reasonable good predictions of RT

curves for the 7 nm sample, where the quantum effect is not so pronounced. As the thickness

reduces down to 2.5 nm, clear discrepancy can be seen between the Drude model and experiment.

Also, it is found that the ultra-thin gold film has quite weak nonlocal effect, and the nonlocal

calculation shows negligible difference as compared to Drude model. For the quantum size

model, good prediction has been found at long wavelength region (λ >1.4 µm), but considerable

disagreement shows up at shorter wavelength for 2.5 nm thin film. Instead, our QEM has
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Figure 2.4: Comparison between reflection (a) and transmission (b) of which the refractive
index n and k are from Drude model, nonlocal model, quantum size model, and QEM.

excellent agreement with experimental results for both 7 nm and 2.5 nm samples in a broad range

of wavelength. Figure 2.4 clearly implies that QEM, which considers the quantum confinement

effect together with the impact of self-consistent electron redistribution, should be used for the

case of metal quantum well structures.
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2.3 Nonlinear material properties with quantum size effect

With the size of plasmonic devices entering into the nanoscale region, the impact of

quantum physics needs to be considered. In the previous section, we proposed the QEM to

describe the linear permittivity of the plasmonic material in quantum region. Besides the linear

permittivity, there exist the high order susceptibilities for the plasmonic materials that would

draw much more attention, due to the high demand for such a material that efficient light-matter

interaction can happen. However, for the efficient plasmonic nonlinear medium, there haven’t

been explored much so far. As we know that, the nonlinear susceptibilities of bulk plasmonic

materials, such as Au or Ag, is relatively small [52], which limit the practical application in

integrated nonlinear optical devices. On the other hand, the giant electrical field enhancement and

the ability to confine the light into ultra-small volume owned by the plasmonics are the crucial

factors for the efficient nonlinear interactions. Thus, engineering the nonlinear properties of

the plasmonic materials in quantum region would have great interests with fruitful underlying

physics and vast potential applications in nanophotonics and nonlinear optics. In this section, we

would like to follow the quantum description of the metallic quantum well, and extend it into the

nonlinear susceptibilities region.

The physical reasons for high nonlinear response from the metallic quantum wells are the

quantum size effect and the high free electron density in the metal. According to the quantum

nonlinear theory [53], the third order nonlinear susceptibility is proportional to N(µmn)
4/(ωmn−

ω− iγmn)
3 , where N is the density of free electrons, µmn = −e〈m| r̂ |n〉 is the dipole moment

associated with the transition between state n and m. The denominator is related to the resonant

transition, and γmn is a damping term. The magnitude of χ(3) is mainly determined by N and µmn.

Due to the quantum confinement effect, free electrons in the metal are quantized into subbands

where their wave functions in the quantum well direction have an extension that is comparable to

the well width (∼several nm). The dipole moment associated to these intersubband transitions are
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on the order of e ·nm, which is much larger than those of the traditional nonlinear crystals. On the

other hand, the N of a typical plasmonic materials, such as Au or Ag, is on the order of 1028m−3,

much higher than that of a semiconductor quantum well. These two facts imply that the nonlinear

response of a metallic quantum well would be much larger than that of traditional nonlinear

crystals and semiconductor quantum wells, making it among the most promising material systems

for nonlinear applications.

After solving the eigen states and functions using the QEM described in the sectinon 2,

the second and third nonlinear susceptibility can be express as follows:

χ
(2)
i jk (ωp +ωq,ωq,ωp) =

N
2εo~2 ∑

lmn
(ρ

(0)
ll −ρ

(0)
mm)

×
µi

lnµ j
nmµk

ml
[(ωnl−ωp−ωq)− iγnl][(ωml−ωp)− iγml]

+
µi

lnµk
nmµ j

ml
[(ωnl−ωp−ωq)− iγnl][(ωml−ωq)− iγml]

+
µ j

lnµi
nmµk

ml
[(ωnm +ωp +ωq)+ iγnm][(ωml−ωp)− iγml]

+
µk

lnµi
nmµ j

ml
[(ωnm +ωp +ωq)+ iγnm][(ωml−ωq)− iγml]

(2.6)

χ
(3)
k jih((ω1 +ω2 +ω3,ω1,ω2,ω3)) =

N
εo~3 PI ∑

nmpl

×{
[ρ

(0)
mm−ρ

(0)
ll ]µk

mnµ j
npµi

plµ
h
lm

[ωnm−ω1−ω2−ω3− iγnm][ωpm−ω1−ω2− iγpm][ωlm−ω1− iγlm]

−
[ρ

(0)
ll −ρ

(0)
pp ]µk

mnµ j
npµi

lmµh
pl

[ωnm−ω1−ω2−ω3− iγnm][ωpm−ω1−ω2− iγpm][ωpl−ω1− iγpl]

+
[ρ

(0)
ll −ρ

(0)
nn ]µk

mnµ j
pmµi

l pµh
nl

[ωnm−ω1−ω2−ω3− iγnm][ωnp−ω1−ω2− iγnp][ωnl−ω1− iγnl]

−
[ρ

(0)
pp −ρ

(0)
ll ]µk

mnµ j
pmµi

nlµ
h
l p

[ωnm−ω1−ω2−ω3− iγnm][ωnp−ω1−ω2− iγnp][ωl p−ω1− iγl p]
}

(2.7)
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where the ρll − ρmm represents the population difference and PI is the denotes the intrinsic

permutation operator. As we shown before (Fig. 1.4), the metallic quantum well formed by

the ultra-thin plasmonic film has the unique feature of multiple intersubband transitions in the

visible/near-infrared range, which makes the engineering of the nonlinear susceptibilities from

the metallic quantum well as the most promising candidate for efficient light-matter interaction,

covering from the visible all the way to the infrared.

Chapter 2, in part, is a reprint of the material as it appears in Nanophotonics 4, 413-418

(2015), Haoliang Qian, Yuzhe Xiao, Dominic Lepage, Li Chen, Zhaowei Liu. The dissertation

author was the primary investigator and author of this paper.
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Chapter 3

Engineering of the optical nonlinearity in

quantum region

With the developed theoretical modeling (QEM) and the high-efficiency nonlinearities

predicted in the metallic quantum well system in Chapter 2, we would like to describe in details

for the experimental realization of the nonlinearities, including the second and third optical

nonlinearites in this chapter. As we mentioned before, the huge free-electron density and the

large transition moment are the two key factors that boost the nonlinear coefficient. Besides

that, the large number of intersubband in the visible/near-infrared range and easy-to-tune of the

quantized wavefunctions make the metallic quantum well unique for the investigation of the

efficient nonlinear light-matter interactions. In the following sections, we would introduce a

coupled metallic quantum wells for the second order susceptibility (SHG) and a regular metallic

quantum well for the third order susceptibility (Kerr).
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3.1 Large second order nonlinearity from coupled metallic

quantum wells

New materials that exhibit strong second-order optical nonlinearities at a desired working

frequency are of paramount importance for nonlinear optics. Giant second-order susceptibility χ(2)

has been obtained in semiconductor quantum wells (QWs) [54–58]. Unfortunately, the limited

confining potential in semiconductor QWs causes formidable challenges to scale such a scheme

into the visible/near-infrared (NIR) frequencies for more vital nonlinear-optics applications. As

we mentioned in the Chapter 2, the metalic quantum well could be used to enable the high

nonlinear coefficient in the visible/NIR range due to the large depth of these QWs. And the

second order coefficient can be further enhanced by the coupled metallic quantum wells to

break the symmetry and provide the double transitions. Recent advances in ultrathin gold films

introduce a possible solution, however, restricted by the accessible growth technologies, these

ultrathin gold films cannot be used for sophisticated coupled QW heterostructures as the epitaxial

semiconductor wells.

In a different context, transition metal nitrides have been the subject of much recent

attention for their use in plasmonics [59, 60]. These plasmonic materials have optical responses

similar to those of gold while showing vastly enhanced chemical and thermal stability [28, 61],

rendering them suitable for the study of optical nonlinearities. Among them, titanium nitride

(TiN) can exist in a range of non-stoichiometric compositions, and can be grown epitaxially on

various transparent substrates such as sapphire [62, 63]. Epitaxial heterostructures of TiN/Al2O3

have therefore become an excellent candidate to design the ultra large χ(2) in the frequency range

covering from visible to NIR spectra.

Here, in this section, we would like to introduce a coupled metal/dielectric heterostructured

platform (TiN/Al2O3 epitaxial layers), to demonstrate an extremely high χ(2) of around 1500
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pm/V at NIR frequencies. It is composed of two metallic quantum wells separated by 0.5 nm

Al2O3, to form the coupled metallic quantum well (cMWQ). And by combining the aforementioned

heterostructure with the large electric field enhancement afforded by a nanostructured metasurface,

the power efficiency of second harmonic generation (SHG) has achieved 10−4 at an incident

pulse intensity of 10 GW/cm2, representing several orders of magnitude improvement compared

to previous demonstrations from nonlinear surfaces at similar frequencies [19, 64, 65].

The demonstrated high χ(2) is more than an order higher than those of traditional nonlinear

crystals, and a few orders higher than those of classic plasmonic films. The physical reasons are

provided as follows. The cMQWs were delicately designed to support three electronic subbands

with constant energy spacing (i.e. EiEi−1 = Ei+1Ei = ~Ω, where ~ is the reduced Plank constant

and Ω is the double transition frequency), such that χ(2) near the double transition frequency Ω

reads

χ
(2)(ω) =

ni−1−ni

~2ε0

e3zi−1,izi,i+1zi+1,i−1

(ω−Ω− iΓi,i−1)(2ω−2Ω− iΓi+1,i−1)
(3.1)

Above, ni, ε0, and e are the electron density in the ith subband, the vacuum permittivity, and the

electron charge, respectively. The dipole moment ezi, j and the decay rate Γi, j are associated with

optically active subbands. Only the lowest of the three electronic subbands Ei−1 was assigned

below the Fermi level EF in order to increase the electron density of (ni−1ni) and thus the

χ(2). The product of the dipole moments e3zi−1,izi,i+1zi+1,i−1 is large in this asymmetric QWs,

contributing to a large χ(2) as well. In addition, a significantly enhanced χ(2) is exhibited in

the cMQWs when the incident frequency ω is resonant with the double transition frequency Ω.

Therefore, due to the large dipole moment and the high carrier concentration within a single QW,

and the double resonant transition between equally spaced electronic bound states formed by the

coupled QWs, a giant χ(2) in the visible/NIR range of the spectrum is expected in these proposed

cMQWs.

Based on the above principle, a single cMQW unit consists of two TiN metallic wells of

different thickness, separated by an ultrathin Al2O3 dielectric barrier, as shown in Fig. 3.1. The
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widths of these wells (1.0 nm and 2.2 nm) were chosen to have a double transition frequency Ω at

920 nm and the barrier (0.5 nm) is selected to have reasonable coupling efficiency between the

two metallic quantum wells using the quantum electrostatic model described in the Chapter 2, in

order to produce a SHG output at the visible frequency of 460 nm (2Ω). The TiN/Al2O3 cMQWs

were fabricated via an epitaxial growth method. Figure 3.1(b) shows a transmission electron

microscope (TEM) cross-section of one sample consisting of four cMQW units, where the units

are clearly visible and well-grown with a large-area uniformity. A dark-field high-resolution

TEM (HRTEM) image of one cMQW unit is given in the inset of Fig. 3.1(b), showing atomic

level accuracy in the thickness of both the metallic and dielectric epitaxial films. Having

such high-quality metal/dielectric epitaxial heterostructures as the material platform of our

cMQWs ensures precise control of intersubband quantum engineering for extremely high optical

nonlinearities at visible/NIR frequencies.

Due to the polarization selection rule of intersubband transitions in a planar QW structure,

only the electric field component Ez of the pump light contributes to the optical responses of the

QW including the SHG. Therefore, an in-plane polarized pump light (i.e. the polarization angle

ϕ = 90◦ is obliquely incident on the sample surface with a fixed incident angle of θ = 30◦, as

illustrated in the left inset of Fig. 3.2(a). Here, samples with a single cMQW unit are investigated

to verify the origin of SHG. Figure 3.2(a) shows a measured emission spectrum reflected from

such a sample as excited by a 920-nm (Ω) light pulse with an average power of 3 mW. As can be

clearly seen, the spectrum features a sharp peak centered at the SHG wavelength of 460 nm (2Ω).

The measured dependence of the total (transmitted and reflected) SHG emission intensity on the

incident power is shown in the right inset of Fig. 3.2(a), which agrees well with the quadratic

prediction [53].

In general, phase matching is a critical requirement for a SHG nonlinear optical process.

However, because the propagation distance (less than 10 nm for the single cMQW unit) is

significantly shorter than the SHG coherence length, the phase-matching condition is automatically
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Figure 3.1: cMQWs for extreme optical nonlinearities and high efficient visible-frequency
SHG. (a) Schematic illustrating how incident light IΩ is converted into the reflected RSHG

and transmitted TSHG SHG waves by the cMQWs based ultrathin film where phase matching
is automatically satisfied. (b) TEM cross-section of such an ultrathin film system with four
units of the cMQWs. Inset shows its dark-field HRTEM image where atomic-level epitaxial
layers are clearly visible. (c) Conduction band diagram of a single cMQW unit. The electron
wave-functions (yellow lines) of three subbands near the Fermi level EF (∼4.6 eV) are plotted.
These subbands are designed to provide a double resonant transition (~Ω), which gives rise to
the desired SHG (2~Ω) at the visible frequency.

satisfied in this cMQW system. In order to determine the directionality of the SHG emission,

a charge-coupled device (CCD) at the back-aperture plane of the collection objective is used

to measure the emission signal. The measurement setup is schematically provided in Fig. 3.3.

Figure 3.2(b) shows the back-aperture images at four different incident polarization states from

the out-of-plane (with respect to the incident plane, φ = 0◦) to the in-plane (φ = 90◦), with fixed

incident angle of θ = 30◦. It can be clearly seen that the SHG signals exhibit a sharp peak

localized at the collection angle of θ = 30◦ in the back-aperture plane. This proves that the

SHG signals are coherently generated by the incident light (not a photoluminescence process),

as illustrated in Fig. 3.1(a). In addition, the emission intensity has a sin4(φ) dependence, which

originates from the polarization selection rule of intersubband transition in QW structures [66].
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Figure 3.2: Experimental characterization of SHG enabled by cMQWs. (a) SHG emission
spectrum under a 920-nm light pulse (100 fs, 80 MHz) excitation with an average power of
3 mW. Solid black circles are the experimental result which is fitted by a Gaussian lineshape
function (black line). Left inset shows the experimental configuration where the pump light
(thick red arrow) with the electric field E (black arrow) polarized at angle to the out-of-plane
(with respect to the incident plane) direction is obliquely incident on the sample surface with
the incident angle θ. Right inset shows the total (transmitted and reflected) SHG emission at
various incident powers. The experimental results fall on the quadratic theoretical curve. (b)
CCD images at the objectives back-aperture plane (equivalent to the Fourier plane) showing the
evolution of emissions at 460 nm as the polarization angle ϕ and thus Ez increases. The dashed
yellow circle highlights the collection angle of θ = 30◦, while the solid white circle indicates the
maximum collection angle of the objective. (c) Wavelength dependence of χ(2) for a single unit
of the cMQWs. The presence of a resonant peak for the wavelength-dependent χ(2) evidences
the double resonant transition in the single cMQW unit.

The giant χ(2) for visible-frequency SHG enabled by cMQWs relies on the double resonant

transition. Figure 3.2(c) shows the experimentally obtained χ(2), compared with the theoretical

prediction from Eq. 3.1. This χ(2) spectrum has a resonant peak centered at the double transition

frequency Ω (920 nm) as we designed in Fig. 3.1(c), indicating again the intersubband resonant

transition for the cMQWs. The χ(2) achieves up to 1500 pm/V at the NIR frequency, a value

more than 20 times higher than those of traditional nonlinear crystals (75 pm/V for LiNbO3) and

several orders higher than those of typical metallic structures (∼1 pm/V) [67]. Such a large χ(2)
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Figure 3.3: Experimental setup for the SHG measurement. Laser pulses with a 100-fs pulse
width and an 80-MHz repetition rate were incident to excite the SHG. A 50X objective lens (NA
= 0.8, Olympus IX81) was used to focus the incident pulse and collect the reflected waves. The
incident power of the pulse laser was measured by a power meter (Vega), while the excited SHG
emission power was collected at both the transmission and reflection sides by a photon counting
detector (Horiba PPD). The angle distribution of the SHG emission was obtained at the Fourier
plane with a charge coupled device (Andor iXon EMCCD), and the results are present in Fig.
3.2

at NIR frequency shows that the cMQWs are an excellent candidate for ultra-compact nonlinear

components.

Due to the exceptional thermal stability from the TiN/Al2O3, the cMQW system can

operate at relatively high intensity. In Fig. 3.4, power dependent SHG measurement is performed

and all the output SHG power forms the quadratic relations and the power efficiency (PSHG/PFF)

lies on a linear line, which indicates the remarkable χ(2) from the cMQW system.

Plasmonically-enabled electric field enhancements have recently been used to overcome

the diffraction-limited dimensions, leading to ultracompact nonlinear optoelectronic devices.

Now, we combine the plasmonic enhancement with the ultra large χ(2) for enhanced surface SHG

at the visible frequency. It is done by constructing cMQWs-embedded metasurface on which the

local electric fields are enhanced, due to two plasmonic resonances at both the double transition

frequency Ω (920 nm) and the SHG frequency 2Ω (460 nm). As such, the absorption of photons

at the fundamental frequency Ω in cMQWs will be enhanced by the first plasmonic resonance,
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Figure 3.4: Power dependent SHG measurement on 4 units of cMQWs. Here, the incident laser
pulse was focused by a lens onto the sample that was rotated 45◦ with respect to the incident
beam. The power efficiency reaches 10−4 when the incident power is 1000 mW (160 GW/cm2

correspondingly). It is so high so that distinct SHG signals along both the transmitted and
reflected directions are clearly visible.

while the radiative decay of the cMQWs at the SHG frequency 2Ω will be boosted by the other

plasmonic resonance, leading to an efficient SHG. Such metasurfaces also give rise to efficient

conversion of the impinging transverse electric field polarization into the desired z-direction [68],

enabling normal excitation of the incident beam to expand the usability of the extremely high

nonlinear cMQWs. In Figure 3.5, the z-component of the electrical field distributions were

plotted, where one can see that the optical resonance at the fundamental wavelength results from

the metal-insulator-metal plasmonic waveguide-like confinement, while the SHG wavelength

optical resonance arises owing to the localized surface plasmon supported by the silver nanocube

array.

Figure 3.6(a) depicts the designed metasurface structure, which, from top to bottom, is

composed of, an array of monocrystalline silver nanocubes (110-nm edge length, Fig. 3.6(b)),
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Figure 3.5: Simulated electrical field (|Ez|/|E0|) distributions for the SHG (a) and fundamental
(b) wavelengths. Here, |E0| is the amplitude of the incident electrical field.

4 units of cMQWs, a single layer of Al2O3 (380 nm thick), and a 50-nm TiN layer. The array

of monocrystalline silver nanocubes was self-assembled and then transferred on top of the

epitaxial TiN/Al2O3 multilayer, and a characteristic SEM image is given in Fig. 3.6(b). These

homogenously distributed high-quality monocrystalline silver nanocubes (see the HRTEM images

in the insets of Fig. 3.6(b)) are suitable to enhance the light field by plasmonic resonances [10,69].

Figure 3.6(c) shows the measured scattering and absorption spectra. The resonant

peak centered at Ω in the absorption spectrum indicates the desired fundamental-frequency

absorption enhancement, while the dominant resonant peak centered at 2Ω in the scattering

spectrum reveals a high out-coupling efficiency at the SHG wavelength. It is thus expected

that there would be a massive enhancement of the visible-frequency SHG efficiency. The

emission spectrum of the cMQWs-embedded metasurface, as excited by a light beam of normal

incidence (Fig. 3.6(a)), shows a well-behaved visible-frequency SHG. Figure 3.6(d) gives the

corresponding power efficiency PSHG/PFF, where PSHG (PFF) is the average power at the SHG

(fundamental) wavelength; it reaches 10−4, more than four orders higher than those of the previous

demonstrations of plasmonically-enhanced SHG at the visible/NIR wavelength [16,19,64,65,70].

All crystalline materials and specifically-designed electronic and photonic engineering are

attributed to the giant visible-frequency SHG power efficiency, which enables this optical

metasurface to be used in ultracompact nonlinear devices in an on-chip integrative manner.
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Figure 3.6: Efficient visible-frequency SHG from cMQWs-embedded monocrystalline silver
nanocube metasurface. (a) Schematic of the high SHG efficiency metasurface excited by
a normal incidence pump light (thick red arrow). Inset shows the simulated electric field
enhancement on the embedded cMQWs. (b) SEM image of the top silver nanocube array. Bottom
left inset is a TEM image of a single silver nanocube, while top right inset shows its HRTEM
image where its crystalline lattice can be clearly seen. (c) Measured scattering (black line) and
absorption (yellow line) spectra. Two vertical dashed lines indicate the SHG wavelength (2Ω)
and the corresponding fundamental wavelength (Ω), respectively. (d) Wavelength dependence
of the power efficiency at the incident pulse intensity of 10 GW/cm2. Solid black squares are the
experimental result, while the black dashed line is the spline-fitted curve. The visible-frequency
SHG power efficiency reaches 10−4.

To summarize this section, we have shown a new coupled-metallic quantum well based

material system that exhibits an extremely high χ(2) at the NIR frequency and demonstrated a

giant visible-frequency SHG power efficiency in such a cMQWs-embedded metasurface. Further

integration of more advanced configurations includes the broadband efficient SHG by stacking

cMQW ultrathin films with different double transition frequencies. Likewise, combinations of

optical nonlinearities, e.g., both a high χ(2) and a large χ(3), would be conceivable in a single

material system in a concise manner. Nanostructured materials with such giant SHG power
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efficiency are expected to enable new on-chip surface nonlinear optical applications.

3.2 Giant third order nonlinearity from metallic quantum

wells

With the large χ(2) demonstrated in the coupled metallic quantum well system, the high

χ(3) from the metallic quantum well is also expected. Unlike the symmetry-broken requirement

for the second order susceptibility, the third order nonlinear can be realized in just one metallic

quantum well. In this section, we would discuss about the third order nonlinearity in details,

including the underlying physics, device fabrication and characterization, and the potential

applications.

The third order nonlinearity, especially the Kerr effect, is one of the most prominent

nonlinear susceptibilities. The Kerr effect leads to a large number of practical applications, such as

the wave mixing [71,72], broadband light generation [26,27], frequency comb generation [21,73]

and so on. In additional, the frequency-comb generated in optical cavities has been applied

in metrology optical communication system, and super-continuum generated through photonic

crystal fibers are nowadays routinely used as a coherent broadband light source in imaging.

However, despite much effort and many years of advancement in this field, chip-scale-integrated

nonlinear optics has yet to be realized due to the lack of materials with exceptionally high

nonlinear responses. Here, we studied the optical Kerr nonlinear properties on a metallic quantum

well (MQW) formed by a layer of 3 nm gold film, and demonstrated that the quantum size

effect can lead to giant nonlinear response, which shows a several-order enhancement compared

with traditional nonlinear materials, making the thin metallic quantum well promising for the

on-chip-integrated nonlinear applications.

Figure 3.7(a) shows a transmission electron microscopy (TEM) image of the cross-section

for the 3 nm metallic quantum well samples. The confinement of the free electrons of gold is
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realized by the large band gap of the two oxide materials (Al2O3 and SiO2). As shown in the

zoomed-in view of the TEM image (Fig. 3.7(b)), the gold film is continuous at the thickness of 3

nm. Although TEM figure can accurately tell us the thickness information of the MQW, atomic

force microscopy (AFM) measurement is used to obtain the surface roughness right after the Au

film deposition. Figure 3.7(c) shows the statistics of the film thickness variations through the

AFM measurement, where we can see the surface roughness (root mean square) is about ±0.25

nm.
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Figure 3.7: Sample characterization for the Au metallic quantum well. (a) Cross-sectional TEM
image of the MQW sample prepared by focused ion beam (FIB). (b) A zoomed-in view of the
MQW, that is, the bottom Au layer, indicates that the gold film is continuous. The thick Au and
Pt layers atop were only used to facilitate the FIB process. (c) Statistics of the film thickness
variations obtained from AFM measurement right after 3 nm gold film growth on the quartz
substrate but before the (Al2O3 film deposition. The surface roughness is around ±0.25 nm.

To characterize the nonlinear optical properties of the MQW, z-scan experiment is

performed (the schematic setup is shown in Fig. 3.8(a)). Z-scan measurement is a sensitive

and simple technique for measuring the complex nonlinear refractive index of a material [74].
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Closed (normalized to open) and open aperture z-scan curve of the 3 nm MQW with 900 nm

incident wavelength and 111 mW incident power is depicted using red circles in Fig. 3.8(b),(d),

respectively. By fitting with the standard z-scan theory [74], the Kerr coefficient is calculated to

be (3.9−0.51i)×10−9 cm2W−1. To obtain the third-order susceptibility, the refractive index n

and extinction coefficient k is needed. For this purpose, reflection and transmission measurements

are performed and a two dimensional Newton′s method together with a multilayer transmission

algorithm is used to extract the n, k values (see details in the Chapter 2 section 1). With n=0.4

and k=3.7, the third order nonlinear susceptibility is calculated by

χ
(3) =

Re{n2}+ iIm{n2}
283

n(n+ ik) (3.2)

which gives χ(3) = (0.49+2.0i)×10−15 m2V−2. The magnitude of this value shows a 4 order

enhancement compared to the intrinsic value of bulk gold measured by four wave mixing

(FWM) [75]. The measured Kerr coefficient of the 3 nm MQW is 6 to 8 orders larger than that

of the traditional nonlinear mediums, such as fused silica [53]. It is worth noting that the MQW

is a flat metal film, and no plasmonic mode (either localized or propagating) can be excited in

the experiment. This rules out possible contributions from local field enhancement [76, 77], but

purely an intrinsic response of the MQW. It also indicates that the nonlinear response of the MQW

may be further boosted by combining with additional plasmonic resonance structures with large

field enhancement factors. The incident power dependent nonlinear phase changes is plotted out

in Fig. 3.8(c). Clearly, all data falls on a straight line crossing origin, confirming the detected

nonlinear effect comes solely from the third order Kerr response.

32



0

0.2

0.4

0.6

0.8

1

0 100 200 300 400

N
on

lin
ea

r 
Ph

as
e 

sh
ift

  (
ra

d)

Power (mW)

0.94

0.98

1.02

1.06

-4.5 -3 -1.5 0 1.5 3 4.5

N
or

m
al

iz
ed

 S
ig

na
l (

a.
u.

)

Position (mm)

Close_exp

Close_theory

Close_exp_15nm

1.00

1.01

1.02

1.03

-4.5 -3 -1.5 0 1.5 3 4.5

N
or

m
al

iz
ed

 S
ig

na
l (

a.
u.

)

Position (mm)

Open_exp

Open_theory

Open_exp_15nm

(b)

(c) (d)

(a) 3 nm (experiment) 

3 nm (theory)

15 nm (experiment)

3 nm (experiment) 

3 nm (theory)

15 nm (experiment)

Figure 3.8: Z-scan nonlinear measurement for the Au metallic quantum well. (a) Schematic
z-scan setup for third-order nonlinearity characterization. A femtosecond laser beam (Ti-
sapphire laser, Mai Tai HP from Spectra-Physics, linearly polarized, 80 fs time width and 80
MHz repetition rate) is focused onto the MQW sample through a lens ( f =3 cm). The raw laser
beam diameter is about 3.5 mm, resulting in a Gaussian beam waist about 9 µm at the focus.
The MQW is moved along the optical axis near the focus, two power metres are used to record
the open and closed aperture z-scan signal through one collimation lens and a beam splitter.
The closed aperture (b) and open aperture (d) z-scan curves for the 3 nm (red-circle) and 15
nm (black-cross) Au films using 900 nm incident wavelength with power of 111 and 690 mW.
The closed aperture data are normalized to that of the open aperture. Z-scan signal of 3 nm
sample is fitted by the standard z-scan theory (blue-dashed), from which the Kerr coefficient is
extracted. (c) The measured nonlinear phase shift for different incident power. The dashed line
is the mathematically linear fitting for the measurement data and nonlinear phase change is zero
at zero intensity.

The physical reasons for such a giant nonlinear response are the quantum size effect

and the high free electron density of the metal. As we have discussed in the Chapter 2 section

3, the magnitude of χ(3) is mainly determined by density of free electrons N and the dipole

transition element µmn. And with the large dipole moment from the quantized wave-functions

and the intrinsic huge amount of free electrons. the MQW system proves to have pronounced

Kerr response as expected, making it among the most promising material systems for nonlinear

applications.

As a direct comparison and verification, z-scan measurements for a thick gold film (15
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nm gold film grown on quartz substrate with 6 nm Al2O3 on top) are also performed with 900

nm incident wavelength and 690 mW incident laser power. For a 15 nm gold film, the impact of

quantum size effect is much smaller. As shown in Fig. 3.8(b), no signal is detected at the closed

aperture. For the open aperture, a change in normalized transmission T=-0.133% is recorded,

which results in an imaginary part for the Kerr coefficient to be 3.4×10−12 cm2W−1. Using the

literature data for the n and k for bulk gold at 900 nm (n=0.17 and k=5.72) [46], the third order

nonlinear susceptibility for 15 nm gold is calculated to be χ(3) = (−9.1+0.35i)×10−19 m2V−2,

which agrees reasonably well with previous z-scan measurements of gold Kerr nonlinearity using

femtosecond laser sources (6 100 fs) [52, 78]. The measurement results are summarized and

compared in Table 3.1. The |χ(3)| of 15 nm gold film is slightly larger than that of the bulk gold

measured by FWM [75], which might relate to the weak confinement effect [79]. The slightly

larger |χ(3)| from Ref. [78] using z-scan with 100 fs pulse compared with Ref. [75] could come

from using a wavelength closer to the interband transition. The much larger |χ(3)| reported by

using 5.8 ps pulse is due to the thermal nonlinear response [78].

Table 3.1: Comparison of the χ(3) values of gold from different measurements

Measurement method τpulse λ(nm) |χ(3)|(m2V−2)

3 nm MQW Nonlinear spectral broadening 80 fs 900 2.01×10−15

Bulk [75] Four wave mixing 200 fs 800 2×10−19

3 nm MQW z-scan 80 fs 900 2.06×10−15

15 nm gold z-scan 80 fs 900 9.1×10−19

20 nm MQW [78] z-scan 100 fs 630 7.69×10−19

20 nm MQW [78] z-scan 5.8 ps 630 7.58×10−17

The nonlinear response of the MQW is related to the transition of the quantized free

electrons between the subbands, which is determined by the MQW geometry. To explore this

feature, z-scan experiment is performed on the 3 nm MQW by scanning the wavelength from

690 nm to 1020 nm. The measured nonlinear coefficients, both the real and imaginary parts, are

plotted using red and green dots respectively in Fig. 3.9(a). The measured nonlinear indices of

the 3 nm MQW clearly show two resonance peaks in the measured spectral range, near 740 nm
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and 900 nm respectively.
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Figure 3.9: Wavelength dependence of the Kerr coefficient. (a) Real (red-dots) and imaginary
(green dots) parts of the nonlinear indices measured for the 3 nm MQW as a function of incident
laser wavelength. The fluctuations in multiple measurements at various locations are indicated
by the error bars (standard deviation). Two resonance peaks are found near 740 nm and 900 nm,
respectively. Theoretical predictions (black and blue dotted lines) agree well with experimental
results. (b) Calculated quantized energy states and their corresponding wave functions from
the self-consistent calculation of the Schrödinger and Poisson equations. For the 3 nm quantum
well, the dipole dephasing time, which relates to the damping rate as τ = 1/γ, is 7.5 fs and the
effective mass of the electron is 0.35×me, where me is the free electron mass. The Fermi energy
level is plotted by dash-dotted black line. The transitions responsible for the two resonances
observed in (a) are marked as the arrows in this figure as well.

In order to fully understand the nonlinear optical properties of the MQW, we also adopt

the quantum electrostatic model that is based on the self-consistent solution from Schrödinger

and Poisson equations, which has been described in Chapter 2. As shown in Fig. 3.9(b), there

are 8 quantized states supported by this MQW. More specifically, we found that the transitions

of the 5th to 6th and 6th to 7th eigen-energy states correspond to the experimentally observed

resonant peaks around 900 nm and 740 nm, respectively. After that, a standard approach that is

based on perturbation theory is adopted to calculate the χ(3) of the MQW [53]. Variations in the

film thickness would lead to the broadening of the resonance feature of the material response. To

take this effect into account, a Gaussian-broadening approach is adopted by using the thickness

variation data obtained from AFM measurement. Finally, the calculated Kerr coefficients (both

the real part and imaginary part) are plotted using dotted-line curves in Fig. 3.9(a), which agree
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well with the experimental results.
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Figure 3.10: Nonlinear spectral broadening from the 3 nm Au metallic quantum well. A
similar setup as the z-scan measurement is used with the sample placed at the focus for spectral
broadening measurement, and the power meter at the open aperture branch is replaced by an
optical spectrometer. Spectrum of an optical pulse (open red circles) measured after passing
through the 3 nm MQW for incident wavelength at 900 nm (a) and 820 nm (b) using incident
power of 650 mW and 750 mW. In the case of 820 nm, the SPM-induced spectral broadening
can only be seen at the spectral wings, and the nonlinear phase shift is estimated to be 0.6π.
In the case of 900 nm, where the Kerr coefficient is at a resonance peak, the SPM-induced
spectral broadening is much more obvious, and the nonlinear phase shift is estimated to be 0.88π.
The input spectrum is shown by blue solid curves. Theoretical calculations of the transmitted
spectrum based on the experimental value of n2 measured from z-scan is plotted using black
solid curves, which show excellent agreement with experimental data.

Thermal effect can play a very important role in z-scan experiment [80]. The Kerr

coefficient of gold film has been reported as high as 10−8 cm2W−1 previously using z-scan

method [81, 82], where pulses with ps or even ns duration were used. For such long pulse width,

the dominant nonlinearity is the thermal effect [83, 84]. Two kinds of thermal effect need to be

considered in the case of using pulse laser with certain pulse width and repetition rate. The first

one is the thermal effect within a single pulse envelope where the thermal effect is induced by the

laser pulse itself when the hot electron relaxed through electron-electron and electron-phonon

interaction. The other effect is the accumulated thermal effect, which becomes critical for a

pulsed laser with high repetition rate. For the first case, as shown by previous pump-probe

experiments [85] and the two temperature model [83], the typical hot-electron delay time for

gold is about 500 fs, which is much longer than the laser pulse width (80 fs) used in this study.

Therefore, the impact of hot electron effect can be safely neglected in our experiment. The second
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source of thermal contribution comes from accumulated effect from the pulse train, which can

be ruled out by the spectral broadening measurement. The difference in z-scan and spectral

broadening measurement is that the former measures the spatial intensity dependence of the

refractive index, while the latter measures the temporal intensity dependence of refractive index.

In the case of z-scan, the accumulated thermal effect may lead to a spatially-dependent refractive

index change because of the invariant laser intensity profile. Therefore, this type of thermal

effects (which mainly comes from the contribution of the repetitive pulse train) can express

similar instantaneous Kerr response (which only comes from the single pulse itself). While a

stabilized accumulated thermal effect due to the repetitive pulse train is constant in the temporal

domain and is independent on the each pulse shape. In this case, the accumulated thermal effect

cannot contribute to the spectral broadening.

To further exclude other contributions from thermal nonlinearity, the measurement of

spectral broadening of a pulse due to self-phase modulation (SPM) is performed, as shown

in Fig. 3.10. The reason is that optical Kerr response is an instantaneous response, while

athermal and thermal effects are much slower than Kerr response and would not lead to spectral

broadening. The SPM-induced spectral broadening effect is proportional to the nonlinear phase

Re(n2)× I× k×Le f f , where I is the light intensity, k is the wave vector and Le f f is the effective

length. Full simulation of optical pulse propagation [86] is performed by using the experimentally

measure nonlinear coefficients, and the corresponding transmitted spectrum are plotted using

solid black lines in Fig. 3.10. As can be seen here, excellent agreement between theory and

experiment is found, indicating that the third order nonlinear effect measured from z-scan is

indeed from the instantaneous Kerr response, and the contribution from thermal effect can be

neglected.

To summarize this section, we demonstrated giant Kerr nonlinear responses in MQW

structures by the combination of the quantum size effect and the high free electron density of metal.

The measured nonlinear Kerr susceptibility |χ(3)| reaches as high as 2.06×10−15 m2V−2, showing
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a 4 order-of-magnitude enhancement compared to the intrinsic value of bulk gold [52,75]. Spectral

broadening measurements confirm that the 3rd order nonlinear effect is an instantaneous Kerr

response. We expect that MQW structures can be easily combined with existing nano-photonic

waveguides for integrated nonlinear optics, opening new opportunities for on-chip nonlinear

optical applications with exceptionally high integration density. More extended applications

based on the giant Kerr response will be discussed more in the next chapter.

Chapter 3, section 1, in part, has been submitted for publication of the material as it may

appear in Light : Science & Applications (2018), Haoliang Qian, Shilong Li, Ching-Fu Chen,

Su-Wen Hsu, Steven Edward Bopp, Qian Ma, Andrea R. Tao and Zhaowei Liu. The dissertation

author was the primary investigator and author of this paper. Chapter 3, section 2, in part, is a

reprint of the material as it appears in Nature Communication 7, 13153 (2016), Haoliang Qian,

Yuzhe Xiao, Zhaowei Liu. The dissertation author was the primary investigator and author of this

paper.
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Chapter 4

Applications of plasmonic materials in

quantum region

As we have discussed in the Chapter 2 and 3, the plasmonic materials in quantum region

shows new features for both the linear and nonlinear properties. With the detailed exploration

about the underlying physics in Chapter 2 and a few experimental demonstration in Chapter 3,

here, we would like to talk more about the further application based on the quantum plasmonic

materials. In this chapter, we will focus on more practical devices. In the first section, we would

like to demonstrate that efficient light generation can happen in pure plasmonic materials by

making two plasmonic nanostructures very close to each other, so that the electron wave in

each nanostructure can be coupled, or in another word, the electron can tunnel through the gap

between this two nanostructures. And by placing the metallic quantum well into the tunneling gap,

resonant inelastic tunneling junction can be formed to boost up the internal quantum efficiency.

In the second section, we would prove the exceptional performance of the optical pulse limiter by

using the giant Kerr response from the metallic quantum well system, which extends the optical

nonlinear devices, such as the sensor, to a severer condition previously thought impossible.
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4.1 Light generation from Inelastic tunneling electrons

High speed light source is always desired for the optical communication, especially for

the integrated optical inter-connect and optical information processing. Traditional plasmonic

nanostructure would not meet the requirement for the light source due to the high loss from the

metal. On the other hand, the plasmonic based devices possess the ultra-high speed response,

which has already been used in many applications [9, 87]. Here, we would like to introduce the

new way to generate the light from pure plasmonic nanostructures, which is based on the inelastic

tunneling process. And by introducing the ultra-high plasmonic field into the inelastic tunneling

process, efficient light emission can be realized. In order to do so, the plasmonic nanostructure

need to be placed closer enough, such as 1 or 2 nm, so that the electrons can tunnel from one to

another and overlap with the gap plasmon very well. By doing so, around 2% light generation has

been demonstrated. Further enhancement of the light emission can be engineered by inserting the

metallic quantum well into the gap between two plasmonic nanostructure. In this case, resonant

inelastic tunneling can be formed, which could greatly boost up the emission efficiency.

Electrons can tunnel through a metal-insulator-metal (MIM) junction either elastically

or inelastically. For elastic tunneling, electrons tunnel across the barrier layer without energy

loss [88]. On the other hand, the inelastic tunneling process may create either phonons or

photons as the electrons loose partial of their energy in the gap and transit to a lower energy

state in the counter metal electrode. This process can be enhanced in the presence of surface

plasmon polaritons (SPPs) around the MIM junction, as first discovered by Lambe and McCarthy

in 1976 [89]. Later theoretical [90] and experimental [91–94] studies further augmented the

appealing properties of MIM junction due to its ultra-small footprint and ultra-large modulation

bandwidth. However, the major challenge for light generation from inelastic electron tunneling is

its low external quantum efficiency (EQE), a production of internal quantum efficiency (IQE) and

radiation efficiency (RE). Generally, the IQE describes the efficiency of the inelastic tunneling
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event and can be increased by designing a plasmonic structure with a large local density of optical

states (LDOS) [91, 95, 96], while the RE can be improved by introducing a high quality optical

antenna [14, 97]. Recently, light emission from electrically driven optical antennas made by

amorphous (polycrystalline) plasmonic material has been demonstrated [98, 99], with quantum

efficiencies up to 10−4. Compared with amorphous or polycrystalline plasmonic material, the

single-crystalline material possesses the lower plasmonic loss [100] which can further enhance the

performances of the inelastic tunnel junction. In this study, we use single-crystalline silver (Ag)

nanocrystals to form the tunnel junctions with gap distances of 1.5 nm. Through the geometrical

engineering of the junctions to optimize the LDOS and RE, the obtained far-field light emission

efficiency reaches up to 2% at near infrared (NIR) frequencies, showing over two orders of

magnitude improvement compared with previous reports [98, 99].

The inelastic tunneling device is schematically illustrated in Fig. 4.1(a), where photons

are emitted from an electronically biased junction formed by two Ag nanocrystals. Nanojunction

assembly and orientation are carried out using a previously reported polymer mediated nanoparticle

assembly process [101]. The gap distance in tunnel junction can be precisely controlled by the

length of grafted polymers on the cuboid surfaces. The TEM image in Fig. 4.1(b) conforms that

the gap of the tunnel junction is approximately 1.5 nm. High resolution TEM (HRTEM) in Fig.

4.1(c) confirms that the Ag structure is single-crystalline, which is critical to form high quality

junction and optical antenna.

The total light emission is proportional to the IQE and RE [99]. The former is described

by the Fermis golden rule which is related to the applied bias voltage, and the LDOS. The LDOS

can be obtained by ρp = ρ0× (Ptot/P0), where ρ0 is the vacuum density of states (DOS), Ptot

is the total dissipated power, and P0 is the radiated power of a dipole of equal dipole moment

in a vacuum environment. The RE is typically calculated by the ratio between radiative power

and the total power. The plasmonic mode within the atomic level smoothed ultrasmall tunneling

gap processes ultra-strong plasmonic field, causing the dramatically enhanced coupling strength
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Figure 4.1: Light emission from an electrically driven atomic level engineered optical antenna.
(a) Schematics of the tunnel junction formed by two edge-to-edge Ag single crystal cuboids
capsulated by a layer of polymer. Here the grafted polymer (polyvinylpyrrolidone (PVP)) is
acted as an insulating barrier due to the band gap of PVP larger than 4.7 eV [102]. The top
inset shows that the photons are generated through inelastic electron tunneling. The device
performance can be engineered by tuning the geometrical parameters of the tunnel junction
including the gap size d, the size of the cuboids, a, b, c, and the curvature of Ag cuboid edges.
(b) TEM image of the tunnel junction, where the gap is around 1.5 nm. (c) Single crystal lattice
of the Ag facet near the tunnel junction (red dash square in (b)) taken by high-resolution TEM.
The lattice distance is about 0.201 nm which corresponds to the Ag {200} lattice spacing.

between the two electronic states (ϕ1 and ϕ2 marked in the inset of Fig. 4.1(a)), which could

greatly increase the IQE. Through the engineering the geometry of the nano-junction with different

heights (c) of the Ag square prisms and in-plane aspect ratio (b/a) of Ag nanobars, the overall

efficiency can be tuned and optimized at a desired working frequency range.

Figure 4.2(a) shows the simulated LDOS and RE with different dipole polarizations in

the center location of the gap, where one can see that x polarization dominates the LDOS and

RE. Remarkably, the maximum LDOS and RE is 3.1× 105 and 24.6% for the x-polarization,

respectively. The plasmonic resonance field distribution shows that the plasmonic field is

concentrated within the gap and overlaps with the junction very well, which greatly promotes

the inelastic tunneling process due to the stronger electron-plasmon interaction [89]. Noted here

that for 1.5 nm gap, it only gives very slight modification on the plasmonic resonance when

considering either the nonlocal effect [103] or the quantum correlated model [37].

We started with electrical and optical characterization of a junction device formed by two

Ag nanocubes with 70 nm in size. Using the applied voltage which corresponds to the maximum

light emission, the emission spectrum of nanojunction (red circle in Fig. 4.2(b)) shows a clear
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peak at 680 nm which agrees well with the simulation result (red solid curve in Fig. 4.2 (b)).

Once the light emission power is obtained, the EQE (number-of-photon/number-of-electrons)

of the Ag-cube tunnel junctions can be calculated. This gives a result of (1.8±0.2)×10−3 at

the peak location of the light emission power, showing one-order improvement compared with

previous work using optical antenna.
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Figure 4.2: Investigation of the Ag square prism based tunnel junctions. (a) LDOS and RE of
the Ag cubes (70 nm with edge curvature of 10 nm) with different dipole polarizations in the
center location of the gap. (b) Emission spectrum with 3.2 V applied across the tunnel junctions.
The black (65 nm) and red (70 nm) circles represent measurement data. The solid lines are
simulation curves by averaging x-polarized dipoles at multiple locations inside the gap. Inset:
Top-view SEM image of the tunnel junction after Pt electrode deposition. (c) The LDOS and
RE of the Ag square prisms with height c = 20 nm. The top insets show the charge distribution
at the peak wavelength of the LDOS (700 nm). (d) Experimental and simulated EQE of the
tunnel junctions (a=b=70 nm, c=20 to 70 nm). The green area represents the simulation results
with the edge curvature as 5 nm and 10 nm respectively. The red squares are the experimental
results. The error bars represent the standard deviation from the multiple devices measurement.
The side-view SEM images placed nearby shows the samples used for the experiment. The scale
bar is 40 nm.

Before we further explore the details of the Ag nanocube junction, we would like to

describe the measurement method here. The IV measurement is done with Agilent B1500
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semiconductor device analyzer, together with light emission detection by PMT from Hamamatsu

Photonics (H10720) and InGaAs amplified photodetector from Thorlabs (PDF10C). The spectrum

is obtained with monochromator iHR550 from Horiba. All the electronic and optical components

are integrated with probe stations with microscope objective of 20X (NA=0.45) and 50X (NA=0.8).

The 20X objective is used for the electrical probes connection on the device and 50X objective is

used for the optical signal detection. For the voltage dependent emission power measurement,

the monochromator is set as 10 nm bandwidth and 10 nm increment step ensuring that the signal

within [λ-5nm, λ+5nm] can be collected for each step. The total optical power emitted from the

device can be obtained as follows:

Ptotal =
1

η1
∑

Pmeasurement(λ)

η2(λ)
(4.1)

where η1 is the light collection efficiency of the microscope objective and η2 is the detection

efficiency of the system. The light collection efficiency (η1) is estimated to be∼ 28%, considering

the NA=0.8 objective and the in-plane (XY plane) dipole radiation pattern. The wavelength

dependent detection system efficiency η2(λ) is characterized by placing a tunable single wavelength

laser source (laser source NA is smaller than the objective NA=0.8) with known power at the

sample position and collecting the signal from the optical detector (shown in the Fig. 4.3(a-b)),

which gives η2(λ)=power obtain from detector / power input as shown in the Fig. 4.3(c). The

monochromator placed at the image plane has the F-number of f/6.4, where the collection NA

is much larger than the optical signal at the image plane considering the 50X NA=0.8 objective.

Also the monochromator slit is much larger than the nanojunction size on the image plane. So

there is no issue to couple all the light at the image plane into the monochromator. Note that

majority of the objectives have the lower transmission efficiency at higher collection angle, so

the η2(λ) characterized here using tunable single wavelength with limited NA is a little bit

overestimated for the measurement system, which will give slightly underestimated total optical
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power from the inelastic tunneling device.

inelastic 
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lens
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wavelength laser
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x

z
y
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Figure 4.3: Measurement setup for the inelastic tunneling junctions. (a) Schematic drawing of
the measurement setup. (b) Characterization of the measurement system efficiency. P1 represent
the light collection efficiency (η1) and P2 is the detection efficiency (η2) of the system.The
wavelength dependent detection system efficiency η2(λ) for the visible to near-infrared
measurement range. The η2(λ) is calculated by power obtain from detector / input power.

One advantage of the metallic nanocrystal junction for light generation is the high

tunability of the emission wavelength, which can be achieved by changing the size of nanocrystal.

In order to further confirm such scalability, 65 nm cube tunnel junction is chosen and the

corresponding emission spectrum measurement is shown as well in Fig. 4.2(b) (black circle). As

expected, the emission spectrum shifts to a shorter wavelength (peak 625 nm). The obtained

EQE of this tunneling device is (1.9±0.2)10−3, similar to the case of 70 nm Ag-cube junction

device.

As can be seen from the Fig. 4.2(a), the peak of the LDOS and RE are misaligned,

which limit the light generation performance. The charge distribution of the nanocube junction

at peak wavelength of the LDOS shows its high order nature which leads to the misalignment

considering the dipole mode resonance of RE. Further improvement of the device performance

can be achieved by aligning the peaks of LDOS mode with RE at the same emission wavelength,

which is demonstrated by shrinking the height of the cube to square prism. Figure 4.2(c) shows the

simulated LDOS and RE for the Ag square prism based tunnel junction with height c = 20 nm. The

corresponding charge distribution at the peak wavelength of the LDOS was presented in the top
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insert of Fig. 4.2(c), which confirms the dipole mode oscillation. In order to fabricate the square

prism tunnel junction, we synthesized the square prism nanoparticle by polyol synthesis process

and generated the square prism nanojunction in polystyrene matrix [104]. The experimental

characterization of EQE in square prism nanojunctions shows that EQE is gradually improved

by reducing the height of square prisms, which agrees well with numerical predictions (see Fig.

4.2(d)). This optimization process improves the EQE of the nanojunction device to about 1%.

Another strategy to enhance the EQE of the tunnel junction is to change the planar aspect

ratio (b/a). With increasing b/a values, the LDOS gradually increased and both LDOS and

RE peaks shifted to longer wavelength with lower plasmonic loss, leading to improved EQE

compared to the case of nanocube junction with b/a = 1. The experimentally characterized EQE

of nanobar junction with different b/a values (red square in Fig. 4.4) shows increased EQE with

higher b/a value, which agrees well with the simulated prediction as shown in green colored area

in Fig. 4.4. The b/a = 3.8 nanobar junction shows the EQE of (1.10±0.07)×10−2 which is 5.5

times higher than the 70 nm nanocube junction. Noted that the deviation of the experimental

results and simulated predictions may result from the varied radius of curvature at the edge of

nanobar devices.

The EQE of tunnel junction can be further improved to ∼ 2% (as black square in Fig. 4.4)

by using the nanojunction with b/a = 4 and c = 20 nm nanobars, a combination of optimized height

and the increasing b/a value of nanobar. In Fig. 4.5(a), it shows the measured light emission power

detected at different voltages. The (2.10±0.07)×10−2 EQE is calculated by using the maximum

emission power (Fig. 4.5(b)) at applied voltage ∼ 1.5 V. The voltage dependent light emission

power is an interplay from the threshold voltage, inelastic tunneling current and the coupling

between two electronic states ϕ1 and ϕ2. The emission spectrum shows the maximum light

generation at ∼ 1500 nm under the applied voltage of 1.5 V, which agrees well with the simulated

prediction (solid line in Fig. 4.5(b)). Figure 4.5(c) shows that the emission is highly anisotropic

and mainly dominated by x polarization as red circles, which agrees with the simulation result
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Figure 4.4: Numerical and experimental study of the Ag nanobar based tunnel junctions.
Simulated and experimental EQE with respect to various b/a ratio. The green area bounded
by the two curved dashed lines represents the simulation results with one planar width (a) of
70 nm and 100 nm respectively. The red and black squares are the experimental characterized
result with c=40 and c=20 respectively. The error bars represent the standard deviation from the
measurement result of multiple devices. The side-view SEM images placed nearby shows the
samples used for the experiment. The scale bar is 40 nm.

(blue solid curve) very well. The x-polarized emission pattern further verifies the dipole mode

emission from the Ag nanocrystal tunnel junctions.

To summarize what we had just described here, light generation through inelastic electron

tunneling has been explored in the Ag tunnel junction structures with various geometries.

With the assistance of the high RE formed by edge-to-edge assembled single crystalline Ag

nanoantenna while maintaining the large LDOS in the ultra-small atomic level tunneling gap,

we have dramatically increased the far-field light emission efficiency from spontaneous inelastic

tunneling to 2%. In principle, the emission frequency of the MIM junction device can cover from
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Figure 4.5: Ag nanobar based tunnel junction with optimized EQE. (a) Experimental
characterization of the emission power at different voltages. (b) Emission spectrum measured
with applied 1.5V. (c) Emission polarization result from both the simulation (blue line) and
experimental measurement (red circle). The error bars represent the standard deviation from
the measurement result of multiple devices. The simulation is done with a dipole placed in the
center of the gap with the x, y and z polarizations and take the far-field radiation result. The
angle corresponds to θ as marked in the top-view of the Ag nanobar junction with size of [280
65 20] nm. The white dash line represents the device direction and the green arrow for the
direction of the detection polarizer.

UV all the way to mid-infrared, although the detailed material and junction configurations need

to be designed accordingly. Implementing optical interconnections using tunnel junction based

light emitting sources will make it possible to achieve extremely large bandwidth for drastically

improved speed and quality of communications [105–107].

Further enhancement of external quantum efficiency may include reducing the gap distance

between the nano-crystals in tunnel junction and improving the shape of nanocrystal with small

curvature radius in the corner. As shown in Fig. 4.6, the theoretically predicted EQE of nanobar

tunnel junction with c= 20 nm can be enhanced to 10% scale with emission peak in the near

infrared region by using curvature radius of 2 nm at corner and the 1 nm gap. The other strategy

to improve the performance includes low temperature operation which results from the higher

figure-of-merit of the plasmonic material and improved thermal stability.
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Figure 4.6: Simulation result of the nanobar junction with a gap of 1 nm and edge radius of 2
nm. (a) LDOS and RE for the nanobar junction with an aspect ratio of 4 (triangle), 5 (square)
and 6 (star). The simulation is done by placing the dipole inside the gap and the angle between
each nanobar is selected as 90 to form the junction. (b) Simulated emission spectrum based on
the LDOS and RE. Considering the LDOS and RE for each aspect ratio (AR), the EQE can be
6.5% for the AR=4, 8% for AR=5 and 10.5% for the AR=6.

To add some more discussion about the thermal stability, which could be one of the

major challenge for the practical application. The stability of the tunneling junction devices is

mainly controlled by the insulating material between the nanojunction. Common breakdown

strength for the insulating polymer, such as PVP and polystyrene, is around 0.5∼1 V/nm with

electrical lifetime about 10 seconds [108, 109]. These values were measured by few hundred

nanometers to few micrometer thin films between two electrodes. According to the previous

literature reports [110–113], the breakdown strength in a pair of nano-electrodes with small gap

increases about 3∼5 times with the electrode area decreasing to 10∼100 nm2 region. Because

our edge-to-edge nanojunction area is below the 100 nm2 with the junction gap about 1.5 nm,

we expect the breakdown strength much higher than 1 V/nm, which causes stable operation of

nanojunction at around 2∼4 V for at least a few seconds. The I-V and light emission measurement

of a single nanojunction only takes few seconds, which reduces the breakdown probability. We

did notice that the breakdown of nanojunction occurs at applied voltage higher than 4.5 V. And

we attribute the device failure to electrical breakdown and thermal damage. There are three

strategies to elongate the device lifetime: (1) enhance the breakdown strength of device by lower

temperature operation. (2) increase the thermal stability of device by replacing the PVP with
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more durable material such as Al2O3. (3) further increase the light emission efficiency so that

less energy will be dumped into heat, which would be a win-win situation.

Based on what we had discussed above, we got around 2% for the light generation

from the plasmonic nanostructures by engineering the LDOS and RE. However, for these two

parameters, there is not much room left for further enhancing the light emission with another

order-of-magnitude. In the following part, we propose a strategy to overcome this challenging

problem, through the inelastic electron-wave coupling by inserting the metallic quantum well into

the plasmonic based tunneling junction as described above. The physical pictures are explained

in the following Fig. 4.7. In Fig. 4.7(a), material system is schematically drawn that the metallic

quantum well is placed inside the tunneling junction gap. Here the TiN is selected for the metallic

quantum well due to the factor that TiN can be epitaxially grown with atomic smooth surface.

In Fig. 4.7(b) and (c), the eigen-states and eigen-functions are calculated based on the quantum

electrostatic model (Chapter 2) with 0 V and 2.4 V as the biased voltage for the MQW. As shown

in Fig. 4.7(c), the injected electrons from the right side will have two possible channels. The

first channel is plotted as the green dashed line, which represents the elastic tunneling current.

The second channel is drawn with the red dashed line, which is the inelastic tunneling. For the

elastic tunneling part, because the electron will need tunnel through two barriers, the tunneling

probability is extremely small (as well as the current), while the inelastic tunneling event could

happen when the energy difference between the energy level of the injected electrons and the

Fermi energy for the left metal matches with the plasmonic gap resonance energy confined within

the plasmonic nanostructures. In this case, the tunneling electrons through the first barrier can

lose part of the energy to the plasmon and then tunnel through the second barrier with much

higher probability, where this type of electron tunneling is called resonant tunneling.

The resonant tunneling junction has been widely used for the semiconductor quantum

well system [114, 115] or molecule tunneling junctions [116]. Here, we would like to utilize

the metallic quantum well to assist the inelastic tunneling process where the resonant tunneling
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Figure 4.7: Working principle of the resonant inelastic tunneling junction. (a) Materials used
for each layer of the resonant tunneling junction. (b) Eigen-function and eigen-states for the
resonant tunneling junction at zero bias. (c) Eigen-function and eigen-states for the resonant
tunneling junction at the bias of 2.4V.

condition is set for the inelastic tunneling event. The efficiency for light generation based on the

inelastic resonant tunneling can be expressed as the following Eq. 4.2

η =
ρSP

ρSP +ρelastic
=

〈ϕ1|HSP |ϕ2〉
〈ϕ1|HSP |ϕ1〉+ρelastic

(4.2)

In most cases, the elastic tunneling probability without aligning the Fermi level with

any quantum states will be extremely small, and in this case, the final efficiency can be lift up

closer to 100%. Since this enhancement is for the internal quantum efficiency, we would focus

on the near-field surface plasmon generation so that high efficiency surface plasmon source can

be realized within this type of inelastic tunneling junction. The designed structure is illustrated

in Fig. 4.8(a) and the working device cross section is schematically shown in Fig. 4.8(b). Fig.

4.8(c) and (d) show the bright-field image of the fabricated device before the Ag nanowire transfer

and dark-field image of the working area after placing the Ag nanowire, respectively. The Ag

nanowire is coated with around 5 nm thick SiO2, and the TEM image is presented in Fig. 4.8(e),

showing the high quality nanowire and uniform oxide coating.
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Figure 4.8: Resonant tunneling junction device. (a) Schematic illustration of the designed
structures. (b) Cross-section drawing of the working device. (c) Bright-field optical image
before the Ag nanowire transfer. (d) Dark-field optical image for the working area where the
Ag nanowire can be clearly seen. (e) TEM image of the Ag nanowire used for the resonant
tunneling junctions.

In order to determine the light generation performance of the fabricated resonant tunneling

junctions, IV measurement and voltage dependent emission efficiency have been recorded, as

shown in the Fig. 4.9(a) and (b), respectively. As one can see that, the maximum efficiency point

corresponds to the applied voltage of 2.4V, which agree with the theoretical prediction in Fig.

4.7 (b) very well. The typical light emission result is recorded with the EMCCD, as shown in

the inset of Fig. 4.9(b). The bright emission points at the end of the nanowire indicate the SPP

generation and propagation along the nanowire and finally scattering out into far-field.
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Figure 4.9: Experimental characterization of the resonant tunneling junction. (a) IV
measurement. (b) Voltage-dependent light emission.

The result showing above gives the promising indication that the tunable, high-efficient
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and compact SPP source can be realized in the resonant tunneling junction with the Ag nanowire.

More detailed experimental studies and throughout theoretical calculation and explanation will

be carried out in the future work. And it is expected that with the high-efficient optical antenna

design on top of the resonant tunneling junctions, besides the Ag nanowire, more than 20% light

emission generation into far field can be reached, which could enable more vital application in

the area of integrated optics and optical communications.

4.2 Pulse limiter

An optical limiter provides a linear transmission/reflection below a certain threshold of

intensity or power of incident light, while above the threshold it keeps the transmitted/reflected

optical power below a specified value [117, 118]. The use of an appropriate limiter in front of an

optical sensor, thus, not only protects the sensor but also extends its working range to a severer

condition previously thought impossible. To this end, an active control of the limiting action

would be quite attractive [117]. For example, a complex optical system consisting of detectors,

processors, and actuators could restrict the incident light beam in a demand-oriented manner.

However, the response time of any such active optical limiting device would be too long, which

involves the time required by individual components to act in a sequential order and the time

for communication between them. It is thus far slower than that of the commonly used fs laser

sources. As a result, actively controlled optical systems are not suitable to limiting ultra-shot

optical pulses. By contrast, passive optical limiters, which utilize materials possessing at least

one optical nonlinear property, e.g., nonlinear refraction (self-focusing or defocusing) [117–119],

nonlinear absorption (reverse saturable absorption (RSA) or multiple-photon absorption (MPA))

[118, 120–125], or nonlinear scattering (microbubbles or microplasmas) [126–128], could have a

fast response time. Since most of these nonlinear processes are based on the optical Kerr effect,

which can offer an ultrafast time response on the order of an electronic orbital period (∼ 10−16
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s) [53], Kerr-type nonlinear materials are crucial for passive optical limiters to controlling

ultra-short optical pulses.

Kerr nonlinearity of a material is generally a third-order correction to its linear optical

response and thus extremely weak [53]. As a consequence, Kerr-type passive optical limiting

devices are ultimately made of macroscale solid or liquid media, in order to provide a long

interaction length for accumulating sufficient nonlinearity, as sketched in Fig. 4.10(a),(b). There

are a few weaknesses with these bulk optical limiters, such as the requirement of an additional

intermediate focal plane [119], the difficulty in fabricating inhomogeneously distributed nonlinear

media [122], and the possible distortion of wave-front and thus the degradation of beam quality.

If possible, these drawbacks could be simply overcome by a reflective nanoscale optical limiter,

such as the one shown in Fig. 4.10(c). Unfortunately, there is no report on materials or materials

system that could provide a strong Kerr nonlinearity in nanoscale for the purpose of pulse limiting.

a b

aperture

mirror
c

Intensity (a. u.)

lens limiter limiter

nanoscale
limiter

Figure 4.10: Comparison of the traditional bulk and the proposed nanoscale Kerr-type pulse
limiters. (a),(b) Configurations (not to scale) widely used for optical limiting based on
Kerr-induced self-defocusing (a) and Kerr-type nonlinear absorption (b), respectively. The
former is achieved by inserting a bulk Kerr medium behind the focus plane to accelerate the
divergence of incident Gaussian beam with a high intensity, so that only a fraction of the beam
is allowed to pass through a preassigned aperture. The latter is done by putting a bulk Kerr
medium before the focus plane to absorb the high-intensity portion of the incident beam. Note
that an inhomogeneously distributed bulk Kerr medium, as shown in b, is desired to maximize
the nonlinear absorption. (c) Concept of the nanoscale optical limiter (not to scale). The
subwavelength-thin optical-limiting film can be integrated onto the surface of an existing optical
component.

As we have demonstrated in the Chapter 3, giant Kerr nonlinearity has been obtained
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in ultrathin Au films (∼ 3nm thick), which is several orders larger than those of the traditional

nonlinear materials. Such nontrivial strong Kerr nonlinearity is attributed to both a large electric

dipole moment of the intersubband transition and a high free electron density in the metal, and

can be well described by a QEM model. However, Au is not a durable material under ultra-strong

optical field which hinder the extended application into the high-intensity ultra-shot pulse limiters.

Here in our study, we demonstrate a nanoscale Kerr-type optical limiter for fs pulses based

on a durable MQW material system. It entirely consists of refractory materials [28], i.e., TiN and

Al2O3 (as we had applied for the cMQW based SHG system), and thus ideal for high-intensity

optical nonlinear applications. The typical transmission electron microscope (TEM) cross-section

of the heterostructure is shown in Fig. 4.11(a),(b). The thickness of the TiN and Al2O3 layers is 2

nm and 2.4 nm, respectively. They were chosen to form the MQW by a unit of Al2O3/TiN/Al2O3

sandwich layer where the free electrons in such thin metallic well (TiN) are quantized between

the neighboring dielectric barriers (Al2O3). As a result of the quantum sized effect, the electronic

conduction band of bulk TiN is split into subbands. And, as will be shown below, large Kerr

nonlinearities in the MQW arises owing to the resultant intersubband transitions. The calculated

electronic band diagram of a single MQW unit, based on the QEM, is shown in Fig. 4.11(c),

together with the dispersion of subbands. It is shown that the first six subbands are below the

Fermi level and thus there would be a wealth of electronic transitions. As will be discussed

later, they contribute to the pulse limiting effect via Kerr nonlinearity of the MQW intersubband

system, as well as various multiple-photon transition (MPT) processes. Therefore, it is the

plentiful electronic subbands to enable the unprecedented pulse limiting behavior of the nanoscale

refractory thin films.

The nonlinear optical constant n2(e f f ) of TiN in the MQW was measured by the z-scan

technique [74], and the result for a 45◦-incidence p-polarized laser pulse with the intensity

of 70 GW/cm2 is summarized in Fig. 4.11(d). Resolved resonant peak, associated with the

1PT between subbands |2〉 and |3〉, as mentioned above, is observed in the dispersion curves
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Figure 4.11: Realization of a nanoscale Kerr-type pulse limiter using MQW thin films. (a),(b)
TEM cross-sections of MQW thin films made of refractory materials (TiN and Al2O3). The
focused ion beam (FIB) coating forms a protective layer for the TEM cross-section preparation.
(c) Conduction band diagram of a single MQW unit (left) and the corresponding electronic
dispersion of subbands (right). The Fermi level EF (∼4.6 eV) is shown. The single red arrow
indicates the single-photon transition between subbands |2〉 and |3〉. (d) Wavelength dependence
of the nonlinear optical constant n2(e f f )) of TiN in the MQW. It was measured by the z-scan
technique using 45◦-incidence p-polarized laser pulses with the intensity of ∼70 GW/cm2. The
red arrow corresponds to the transition wavelength shown in (c)

of the n2(e f f ). It is the direct evidence of electron subbands resulting from the quantum size

effect in the MQW. The amplitude of n2(e f f ) is several orders larger than those of the traditional

nonlinear materials, and thus suitable for nonlinear-optics applications including the optical

limiting. Moreover, the sign of real part of n2(e f f ), Re(n2(e f f )), is positive while that of its

imaginary part, Im(n2(e f f )) is negative. As a result, the MQW would turn out to be a dielectric

at high-intensity illumination. For this reason, the proposed optical limiter based on this MQW

system works in a reflection mode, i.e., it allows a linear reflection for incident light with intensity

below the threshold, while above the threshold it keeps the reflected optical power below a certain

value. To the best of our knowledge, it is the first reflection-mode optical limiter, which gives a

new degree of freedom for the optimal design of an optical limiting system.

Distinctly different from the conventional optical limiters, the nanoscale MQW thin film

for a fs pulse limiting works in a reflection mode, as schematically shown in Fig. 4.13(a).
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As a consequence, it can be integrated onto the surface of an existing optical component,

and thus significantly simplifies the optical limiting configuration. Figure 4.13(b) depicts the

intensity-dependent reflected power at 1997-nm wavelength for samples with a single unit and

7 units of MQWs, respectively. As can be clearly seen, there is a nearly linear reflection below

a certain threshold of intensity, and above it the reflected power is below a certain value for

the 7-unit MQWs sample in the intensity range. Compared to the 1-unit MQW sample, the

sample covered by 7 units of MQW shows a distinct optical limiting performance, resulting from

the Kerr-type nonlinearity engineering by metamaterials composed of dielectric and metallic

multilayers [129], which has been indicated from different Kerr coefficient from the 7-unit MQW

sample as shown in Fig. 4.12. This unprecedented tunability renders the nanoscale pulse limiters

flexible and crucial in the design of compact optical and photonic systems.
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Figure 4.12: Z-scan measurement for the 7-unit of MQW pulse limiter sample. (a) Schematic
of the z-scan setup. 45◦-incidence p-polarized fs laser pulses are focused onto a MQW sample
through a lens, while the MQW sample is moving along the optical axis near the focus of the
lens. Two power detectors (only one of them schematically shown here) are used to collect the
open (not shown here) and closed aperture z-scan signals. (b),(d) Closed (the upper panel) and
open (the lower panel) aperture z-scan curves for the sample with 7 units of MQW under the
pulse intensity of ∼ 70 GW/cm2. The standard z-scan theory is applied to fit these experimental
data, by which the nonlinear optical constant n2(e f f ) is extracted. (c) Wavelength dependence of
the extracted n2(e f f ) of TiN in the 7-unit MQWs sample

Analogy to the conventional pulse limiter working in a transmission mode [119], several

parameters for the proposed reflection-mode pulse limiter can be defined (see Fig. 4.13(b)). The

first one is the linear reflectivity Rlin that is expected to be as higher as possible. The second

parameter is the onset-of-limiting intensity Ion, which is defined as the incident intensity at

which the reflectivity R drops off to Rlin/2. A tunable Ion is desired. The dynamic range DR

is the third parameter and defined as (Idam− Ion)/Ion, where Idam is the damage intensity of

the MQW samples, which was determined experimentally shown in the Fig. 4.14. Larger DR

it is, longer operating intensity range the pulse limiter supports. The last but not least one is
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the reflectivity right before the damage, Rdam. For example, an optical limiting by the 7-unit

MQW sample for 180-fs laser pulses at the center wavelength of 1997 nm is obtained with Rlin

∼ 32.3%, Ion ∼ 124 GW/cm2, DR∼ 202%, and Rdam ∼ 6.8%. This unprecedented pulse limiting

performance offered by the nanoscale MQW film is enabled by its large and ultrafast Kerr-type

optical nonlinearities, and will be discussed in what follows.
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Figure 4.13: Performance of the reflection-mode nanoscale fs pulse limiter using MeQW thin
films. (a) Experimental configuration (not to scale). (b) Intensity dependence of the measured
reflected power for samples with a single unit and 7 units of MQWs at the wavelength of 1997
nm. The dashed lines show the correspond linear reflection curves. Relevant parameters are
defined in the main text.
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Figure 4.14: Determination of the damage intensity of MQWs. (a) Reflected power from
samples with and without a single unit of MQW, respectively. Intensity at which the reflected
power abruptly drops is defined as the damage intensity. (b) Below the damage intensity, the
pulse limiting shows a good reproducibility

The n2(e f f ) obtained by the z-scan technique using a moderate-intensity laser pulse

shows a large Kerr nonlinearity provided by the MQW. Generally, n2(e f f ) is dependent on the

optical intensity, especially under a high-intensity illumination when the optical limiting is

activated. Therefore, in order to further study the high-intensity nonlinearity, the reflectivity and

transmittivity for 1997-nm laser pulses with various intensities up to 375 GW/cm2 were measured,

and then used to extract the intensity-dependent complex optical constant nI (nI = n0 +n2(I)I)
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of TiN in the MQW for a given intensity I, and the results are summarized in Fig. 4.15(a). As

can be seen, the Re(nI) quickly jumps and saturates before entering the high-intensity range,

and then drops, while the Im(nI) monotonously decreases as the intensity increases, and keeps a

small value at high intensity. Changes of 65% and 100%, respectively, in the real and imaginary

parts of nI are obtained, which again reveal the large nonlinearities in the MQW. In addition, the

metal/dielectric transition is clearly visible in Fig. 4.15(a), as expected above.

The physics of the intensity-dependent Kerr nonlinearities supported by the MQW is

discussed here. First of all, the strong Kerr response originates from the quantum sized effect.

One can understand it by deriving the Kerr coefficient, which is proportional to Ne(ezi j)
4/(ωi j−

ω− iΓi j)
3. Here, Ne, e and ω are the density of free electron, the electron charge, and the angular

frequency of incident light, respectively. The intersubband dipole moment ezi j, the electron

transition frequency ωi j, and the decay rate Γi j are associated with the involved optically active

subbands. Due to both the large ezi j and the high Ne, strong Kerr nonlinearities are obtained in

the MQW. Secondly, these Kerr nonlinearities are also affected by the linear refractive index n0

and thus can be tuned by means of metamaterials. Last but not least, several MPT processes

contribute, concurrently, to these strong Kerr nonlinearities owing to the presence of the numerous

subbands in the extremely deep metal QW. For example, the subbands |2〉 and |3〉 support a 1PT,

while the concomitant two-photon absorption (TPA) occurs between the subbands |5〉 and |6〉, in

the spectrum range considered (see Fig. 4.15(b)).

As mentioned above, the quantum size effect results in the strong Kerr coefficient of

MQWs. As the consequence, the real part of nI of the MQW samples quickly increases when the

incident pulse intensity is increased. For the same reason, the imaginary part of nI monotonously

decreases. However, both the real and imaginary parts become saturated for sufficiently high

intensity due to the saturation of the accompanied single-photon absorption (1PA) and two-photon

absorption (TPA), which will be modeled according to the absorption saturation model.

The 1PA is associated with the intersubband transition from subbands |2〉 and |3〉, and it
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Figure 4.15: Physics of optical Kerr nonlinearities of the MQWs. (a),(b) Intensity-dependent
refractive index nI , respectively, extracted from the measured reflectivity and transmittivity (a),
and fitted by the 1PA and TPA saturation models (b). Inset of (b) shows diagrams representing
the 1PT (Kerr type, the left panel) and TPA (the right panel) processes, respectively. The sample
used has 7 units of MeQW, and the data is taken at the wavelength of 1997 nm.

will be saturated above a certain intensity. The whole 1PA saturation process can be modeled

[53, 130] by an intensity-dependent absorption coefficient αI = α0/(1+ I/Isat,1PA), where λ, α0,

and Isat,1PA are, respectively, the wavelength of incident light, the 1PA absorption coefficient

constant, and the saturation intensity of 1PA. Similarly, the TPA from subbands |5〉 and |6〉 can

also be modeled via the intensity-dependent absorption coefficient βI = β0/(1+(I/Isat,T PA)
2)

[130], where β0 and Isat,T PA are the TPA absorption coefficient constant and saturation intensity,

respectively. Therefore, the imaginary part of nI in the entire intensity range is well fitted by the

relation of Im(nI) = λ(αI +βII)/(4π), as shown in Fig. 4.15(b).

Owing to both the 1PA and TPA, free electrons above the Fermi sea are continuously

promoted. These promoted hot electrons above the Fermi sea can be described by the Drude

model, and thus induce a negative change [131, 132] in the real part of nI (i.e., Re(∆nI) ∝−Nhot ,

where Nhot is the density of the hot electrons), pulling down the real part of nI at the high intensity.

Combining the 1PA and TPA saturation models and the Drude model, the real part of nI is well

fitted.

To conclude this section, we have demonstrated a nanoscale reflection-mode fs pulse

limiting thin film made of refractory materials. It is enabled by the large and ultrafast optical

62



Kerr nonlinearities of the embedded MQWs. These unprecedented intensity-dependent Kerr

nonlinearities are attributed to the plentiful electron subbands in the MQW. Further efforts on the

tunability of the nontrivial optical limiting, e.g., the working wavelength range and the working

intensity range, could be made with the thin film consisting of different thickness of single MQW

or coupled MQWs [54, 68]. By combining the MQWs (electron wavefunction engineering) and

plasmonic metamaterials (photonic mode engineering), more degrees of freedom for the tunability

could be involved, such as the incident angle and polarization. Further functionalization and

integration of the Kerr-type nanoscale MQW thin film would enable vast applications for the

on-chip integrated nonlinear optics .

Chapter 4, section 1, in part, is a reprint of the material as it appears in Nature Photonics

12, 485-488 (2018), Haoliang Qian, Su-Wen Hsu, Kargal Gurunatha, Conor T Riley, Jie Zhao,

Dylan Lu, Andrea R Tao, Zhaowei Liu. The dissertation author was the primary investigator and

author of this paper. Chapter 4, section 2, in part, is currently being prepared for submission for

publication of the material, Haoliang Qian, Shilong Li, Yingmin Li, Ching-Fu Chen, Yeon-Ui

Lee, Steven Edward Bopp, Wei Xiong, and Zhaowei Liu. The dissertation author was the primary

investigator and author of this paper.
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Chapter 5

Discussion, conclusion and outlook

Plasmonics has been well developed in the past few decades, which becomes a vital part

for the optics field. In this thesis work, we introduce the quantum confinement into the plasmonics

materials, such as the ultra-thin plasmonic layer or ultra-small tunneling gap between plasmonic

nanostructures, to further extending the plasmonic field, exploring more for the underlying physics

and making the plasmonic based devices more useful for the practical applications.

We first proposed a quantum electrostatic model to study the effect of the quantum

confinement for both the linear and nonlinear optical properties. Then we demonstrated the giant

nonlinearities, including the χ(2) and χ(3) by using the metallic quantum wells. After that, we

focus on some of the real plasmonic devices, including realizing the high-efficiency light emission

from pure plasmonic nanostructure with quantum sized tunneling gap, pushing the efficiency

forward by introducing the metallic quantum well into the tunneling gap, and proving to have the

exceptional pulse limiting performance by using the ultra-high Kerr response.

One step further, future research could focus on the coupling between the quantum

well and quantum dot system, such as studying the lifetime engineering with the intersubband

superradiance in the coupled quantum system. And for the direction of nonlinearity based on the
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Figure 5.1: Efficient light-matter interaction from electron wave-function engineering (a) and
the design of the plasmonic resonant cavities (b).

metallic quantum well, we could move forward to explore more practical devices, including the

super-continuum generation by combining the photonic cavities with the metallic quantum wells.

We summarize the all the studies and proposals in Fig. 5.1.

Eventually, our goal will gradually concentrate more on the light-matter interaction

in quantum level, such as single molecule, or single quantum emitter with three-dimensional

quantum confinment and single photon control and manipulation. More fruitful and exiting

physics and application are expected for the future studying.
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