


ABSTRACT

Plasmon Resonances in Metallic Nanostructures for Photodetection and Signal

Modulation

by

Yumin Wang

Metallic nanostructures can strongly interact with the light and exhibit fascinating

optical properties due to inherent collective oscillations of electrons in metals, also

known as plasmon resonances. Since the plasmons are capable of confining light into

a small regime and meanwhile significantly enhancing its field intensity, the metallic

nanostructures can be widely used for light harvesting and manipulation.

By placing gold gratings on top of a silicon substrate, hot electrons created from

plasmon decay can efficiently go across the Schottky barrier and be harvested by the

silicon, leading to a substantial photocurrent. This yields a good photodetector which

not only possesses a narrowband photoresponse due to the plasmon resonances but

also has the ability to work at wide frequency range even below the bandgap of the sili-

con. Moreover, instead of the top-gratings structures, embedding gold nanostructures

into the semiconductors will effectively increase the photoresponsivity. Theoretical

calculation shows that the embedment can lead to an increase in the surface area of

the Schottky barrier and at the meantime broaden the directional range of the emit-

ted hot electrons able to transport across the Schottky barrier. More importantly,

the vertical Schottky barrier is found to be the predominant area where photoemis-

sion take places. Aside from creating hot electrons, the plasmons can also influence



the performance of the photodetection by facilitating the generation of electron-hole

pairs directly in the semiconductors. Here, the aluminum gratings are demonstrated

to serve as good color filters when they are integrated with metal-semiconductor-metal

photodiodes. The interference of plasmon near-field and incident field could either

block or assist the light going through the aluminum gratings to hit the photodiodes.

As for light manipulation, the metallic nanostructures act just like optical nanoan-

tennas whose photoresponse can be modulated by loading optical materials in them.

The corresponding modulation process can be described in terms of optical nanocir-

cuitry in which various materials are represented by capacitors, inductors, and resis-

tors. With the help of the optical nanocircuitry theory, optical nanofilters become

convenient and straightforward to design and build. In addition, substrate also can

strongly modify the optical response of the nanoantenna. It has been proven that a

conductive substrate will blueshift and reduce the original plasmon resonances and

meanwhile bring in a new charge transfer mode appearing at low energy level. Given

that plasmon resonances can effectively harvest light and modulate optical signal,

they may have promising applications in sensing, imaging and communication sys-

tems in the near future.
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Chapter 1

Introduction

Metals are known to people as exceptional electrical, thermal and mechanical mate-

rials for a long time. Recently, at the nanoscale, they are also discovered to possess

exotic optical properties due to the presence of surface plasmons, coherent oscillations

of free electrons at the surface of the metals [2]. Surface plasmons, first predicted by

Rufus Ritchie in 1957 [3], have been extensively studied during the past half century

and now become a flourishing research field so-called plasmonics [4]. Given its nature

of strong coupling between the light and the electrons, surface plasmons are able to

squeeze the light into a small region whose dimension is many times smaller than

the wavelength of the light λ [5]. Therefore, they can greatly reduce the footprint

of optical devices, which is usually restricted by diffraction limit, that is, λ/2 [6].

Meanwhile, high concentration of the light in the vicinity of the metal surface leads

to an intensive optical near-field, also known as hot spot, which can effectively boost

optical, physical, chemical etc. processes taking place therein. The efficiency of cor-

responding processes, such as photocatalysis, Raman scattering, photoemission, etc.

will be significantly increased accordingly [7–9]. In addition, owing to strong de-

pendence of the surface plasmons on materials, geometries, background dielectrics,

mutual interaction etc. [10], metallic nanostructures are of great applications for op-

tical sensing [11,12]. So far, individual metallic nanoparticles and assemblies thereof

have been widely utilized since localized surface plasmon resonances (LSPRs) they

possess can produce considerable scattering and absorption cross section. Therefore,
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they are always implemented as optical antennas to improve the light-harvesting ef-

ficiency of photovaltaic devices [13, 14] or potentially cure cancers based on thermal

effects [15, 16]. Besides, periodic metallic nanostructures also draw a lot of atten-

tions since they support another type of surface plasmons, surface plasmon polaritons

(SPPs). Initiated by Thomas Ebbesen in 1998 [17], SPPs are proven to be able to

propagate along the metal surface and have numerous applications in various areas,

such as bio-sensing, light-emitting, optical element and so on [5,18,19]. As the rapid

development of nanofabrication techniques during the last decade, more and more

complex metallic nanostructures become possible [20] and they exhibit fascinating

phenomena, such as Fano resonance [21], negative refraction [22], chirality [23] and

other unique properties [24,25].

Surface plasmons have finite lifetime and it is usually quite short compared to

other quasi-particles, such as phonons and excitons. Once the surface plasmons are

excited, they will decay often within femtosecond by either dissipating their energy

directly into the metals or releasing it into the environment through radiation. In the

first scenario, the plasmons would populate a bunch of electrons into energy levels

above the Fermi surface, making the entire system nonequilibrial [26]. Those electrons

possess more kinetic energy and are regarded relatively hot compared to the rest of

the electrons in the metals. Thus they have high possibility to go across the interface

of the metal, resulting in electron transfer. This has been exploited in many appli-

cations for chemical catalysis [27], bolometers [28], and optical doping [29]. Besides,

semiconducting materials are demonstrated to be capable of efficiently converting

these hot electrons into photocurrent [30–33]. The corresponding devices based on

this will not only get the photovoltaic efficiency improved, but more importantly,

they can work even at the frequency range below the bandgap of the semiconductors.
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To this end, metallic nanostructures serve as a true antenna, naturally bridging opti-

cal system and electrical system through this nonradiative decay process. Regarding

the second radiative scenario, the metallic nanostructures will reemit photons after

the plasmons decay. Since the plasmon resonances strongly depend on the nearby

environment, the reemitted photon can effectively convey local information to the

far-field. Most of techniques regarding sensing and spectroscopy rely on this [34].

On the contrary, the plasmons can also convert the incident light into the near-field

so as to enhance the light-matter interaction. The frequency and direction of the

light can be precisely controlled by the design of the nanostructures [35, 36]. In ad-

dition, nanolasing, optical-filtering, and other optical processes can be facilitated by

the plasmons through the radiative decay channel as well [18,37].

Here we will experimentally, analytically, and numerically investigate the effects

of the surface plasmons on the photodetection and signal modulation. For the first

part, we will use metallic gratings to study their effects on the photodetection. In

Chapter 2, we will build a photodetector by placing gold gratings on top of a silicon

substrate. We will demonstrate that our photodetector will work at the near-infrared

regime and have narrowband and high photoresponsivity. Our numerical simulation

will further confirm that these features are closely related to the generation of the

plasmon-induced hot electrons in the gold gratings. In Chapter 3, we will investigate

the directionality of hot electron emission by embedding gold nanostructures into the

semiconductor. We will monitor the variation of photoreponsivity with respect to the

embedding depth and identify the role of the vertical Schottky barrier by analyzing

experimental and theoretical results. In Chapter 4, we will utilize aluminum, which is

low-cost and CMOS-compatible, to build the gratings on metal-semiconductor-metal

photodiodes. The aluminum gratings will be demonstrated to serve as color filters
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that can effectively modulate the performance of the photodiodes. With the help of

simulation, we will find that this feature is due to the strong interference between the

near-field and far-field around the gratings. The second part is related to utilization

of the metallic nanoantenna to modulate the optical signals. In Chapter 5, we will

selectively add dielectric and metal materials in the junction of a nanoantenna to tune

its scattering information. Since such system bears the similarity to the traditional

electrical circuit, we will develop an optical circuitry theory to explain the optical

features observed as well as to predict new ones. In Chapter 6, we will use conductive

substrates to mediate the scattering signal of dimer and nonamer. We will find

that charge transfer through the conductive substrates can dramatically change the

behaviors of the plasmons as well as the optical properties of antenna comparing to

the dielectric substrates.
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Chapter 2

Plasmon-induced Narrowband Photodetection in

Near-infrared

2.1 Surface Plasmons

Metals and semiconductors are usually regarded as a system consisting of a gas of

electrons with negative charges moving uniformly and freely above an ion background

with the same amount of positive charges. Once the electron gas is distorted, the

positive charges will be accumulated at one place while the negative charges will be

at the other, leading to an internal electric field that can in turn drive the electron

gas to oscillate back and forth. The resulting coherent oscillations of electrons can

be quantized and the corresponding quanta are denoted as plasmons ~ωp, where ωp

characterizes the oscillation frequency. ωp is closely related to the electron density n,

for instance, in a bulk metal, ωp =
√
ne2/ε0me, where e is the charge of the electron

and ε0 is the permittivity of the vacuum [38]. Owing to the existence of the plasmons,

metals exhibit strong response to the external optical field, which can be described

in terms of Drude formula:

ε(ω) = ε∞ −
ω2
p

ω(ω + iγ)
(2.1)

where ε∞ characterizes the background permittivity. The oscillation of the charge

density can also appear at the interface of the metal and dielectric, which is also

known as surface plasmon (SP). Aside from electron density n, the frequency of SP

has strong dependence on the geometrical configuration of the metal surface. In other
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words, different shapes of metal nanostructures have different SP frequencies, such as

ωp/
√

2 for an infinite planar surface, ωp

√
l/(2l + 1)(l is an integer) for a sphere and so

on [2,39]. SPs can be generally distinguished into two types according to their spatial

properties. One is surface plasmon polariton (SPP) which propagates along extended

surfaces like film or nanowire [5]. The other is localized surface plasmon resonance

(LSPR) whose oscillation is localized within nanoparticles [10]. Both plasmons are

capable of confining optical field into a region much smaller than the wavelength

and meanwhile enhancing its magnitude about 10 to 100 times. The plasmons have

considerably short lifetime, usually within femtosecond. There are two typical pro-

cesses associated with their energy dissipation. One is radiative decay where photons

are produced after the plasmons decay. Usually, this results in the scattering of the

system. The other process corresponds to a nonradiative channel. The plasmons

dissipate the energy within metals and semiconductors, giving rise to the absorption

of the system. In most cases, this causes the excitation of the electrons from a state

below the Fermi surface to a state above it. Accordingly, the electron population is

redistributed and part of electrons staying above the Fermi surface are regarded as

hot electrons.

2.2 Extraordinary Optical Transmission

The modern research on surface plasmons, so-called ”plasmonics”, was initiated by

Ebbesen’s discovery of extraordinary optical transmission (EOT) effect in 1998 [17].

Back to 1944, Hans Bethe theoretically predicted that the optical transmission through

a hole of radius r in a perfect conducting thin film obeyed the following rule [40]:

η =
64(kr)4

27π2
∼ (

r

λ
)4 (2.2)
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where k and λ are wavevector and wavelength of the light, respectively. Due to the

power of 4, the transmission decreases rapidly as the wavelength increases. Especially,

in the region λ� r, the transmission is almost negligible, that is, the hole will block

the light with the wavelength much larger than its dimension. Though such prediction

requires two assumptions on the film, perfectly conducting and infinitely thin, they

are automatically satisfied in the range of millimeter-wave or microwave. As the

frequency goes up to the visible range, however, those two assumptions cannot be

hold any more and neither does this prediction hold. On the contrary, Ebbesen

found the optical transmission through hole arrays in a silver film exhibited several

pronounced peaks at the wavelengths much larger than the size of the holes. And

those peak positions are found closely depending on the period of the hole array

as well as the permittivity of materials. Now these features have been recognized

as and attributed to the surface plasmon polariton on the metal surface, which can

facilitate light transmission through the film. The illustration of SPP are shown in

the left panel of Figure 2.1, which depicts the process that light couples with electron

oscillation, propagating together along the surface. The dispersion relation of SPP

Figure 2.1 : Surface plasmon polariton (SPP). Left: Schematic illustration of surface
charge distribution of the SPP. Right: Dispersion relation of the SPP at the air-metal
interface.
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has the form as follows,

kspp =
ω

c

√
εmεd
εm + εd

(2.3)

where εm and εd are permittivities of metal and dielectric respectively. It is plotted in

the right panel of Figure 2.1. As we can see, it is entirely at the right side of the light

line and asymptotic to the frequency of SP, indicating SPP cannot be directly excited

by the incident light. Some techniques are required to compensate the momentum

mismatch between photon and plasmon [41]. For instance, in Otto configurations and

Kretschmann configurations, high dieletric medium is placed next to the interface

to increase the effective wavevector of photon. Besides, rough surface and periodic

gratings can provide an additional momentum. Especially for periodic gratings, they

are commonly used since they possess tunable reciprocal vectors G. Accordingly, the

excitation condition of SPP becomes:

kspp = k‖ + G (2.4)

where k‖ is the component of the light wavevector parallel to the surface. As we can

see, SPP can be excited at different wavelengths with respect to different orders of

reciprocal vector, leading to the multiple peaks in the Ebbesen’s experiment.

2.3 Plasmonic Photodetector with Gold Gratings

It can be noticed that the EOT effect results from the radiative decay of SPP in the

gratings. Given that SPP could also undergo the nonradiative decay, the periodic

grating could be harnessed to harvest light by producing hot electrons [42]. Here,

we build a plasmonic photodetector with high-purity Au gratings on a <100> n-type

silicon wafer (500µm thick, 1-10Ωcm) covered by a titanium adhesion layer of 2-nm

thickness, as shown in Figure 2.2. When the light with the polarization perpendicu-
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Figure 2.2 : Schematic illustration of plasmonic photodetector

lar to the slits shines on it, SPP will be launched conditionally. These plasmons will

shortly decay into hot electrons, which will go cross the Schottky barrier formed at

the interface of the gold and silicon, and finally be captured by silicon. If there are

additional electrons being injected from the other side to neutralize the gold gratings,

such hot electron emission can keep going, leading to a steady photocurrent. This

can be easily demonstrated in the experiment by measuring the photoresponsivity of

our device. The corresponding photoresponsivity spectra are plotted in Figure 2.3.

They exhibit strong signals within the near-infrared range 1300-1700nm. Since the

photoresponse appears below the band gap of the silicon ∼1.1eV, it can not be at-

tributed to the excitation of electron-hole pairs in the silicon. Instead, it comes from

the plasmonic hot electrons generated in the gold. Accordingly, the functionalities of

this type of the photodetectors will rely on the metallic nanostructures rather than

the semiconductors. Moreover, the photoresponsivity shows a clear resonant feature.

The full width at half maximum (FWHM) of the resonance barely depend on the

thickness as we can see from three different cases 93nm, 170nm, and 200nm. It is es-

timated to be nominally 54 meV, which is more than three times narrower than those
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Figure 2.3 : Photoresponsivity of the plasmonic photodetector with the gold grat-
ings of interslit distance D=950 nm, slit width W=250 nm, and layer thickness
T=93(black), 170(grey), 200 nm(green).

of previously reported devices [30,43]. The peak value of responsivity, however, varies

significantly with respect to the thickness, noting that the responsitive for 200nm case

is almost seven times as that for 93nm case. Here, we observe the maximum value of

the photoresponsivity at zero bias voltage to be 0.6mAW−1, which is similar to the
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value reported in the literature for the sensors also based on SPP [44]. The external

quantum efficiency (EQE) ηe of our 200nm device, defined as the number of carriers

produced per incident photon, is obtained in Figure 2.4.

ηe =
Iexp/q

Sinc/hν
(2.5)

where Iexp is the measured photocurrent, q is the elemental charge, Sinc is the incident

optical power, and ν is the light frequency. It could attain 0.05% at the resonant

Figure 2.4 : External quantum efficiency of plasmonic photodetector for the gold
grating of 200nm layer thickness

wavelength. For internal quantum efficiency (IQE), defined as the number of carriers

produced per absorbed photon,

ηi =
Iexp/q

Sabs/hν
(2.6)
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where Sabs is the absorption, it is estimated to be up to 0.2%, 20 times larger than

the reported value for devices with nanoantenna [30].

2.4 Theoretical Mechanism of Narrowband Photodetector

In order to demystify the mechanism of our plasmon-induced narrowband photode-

tector, we perform numerical simulation to calculate the photoresponse of the gold

gratings using commercial finite-difference time-domain (FDTD) software, Lumerical

FDTD Solutions. Because of the translation symmetry along the gratings, we use

two-dimensional simulation module to model a finite number of slits with a total di-

mension of 12 µm, which corresponds to the area of our devices (12 µm×12 µm) in

the experiment. Given that the light spot experimentally used has a finite size, the

intensity of the incident light is set to have a Gaussian profile with a FWHM of 3 µm.

The dielectric functions used for the materials are all based on experimental data,

Johnson and Christy for Au and Palik for Ti and Si [45, 46]. To estimate the rate of

the hot electron production in our structures, we calculate the total absorption inside

the metals. For the same geometric parameters listed in Figure 2.3, the calculated ab-

sorption spectra are plotted in Figure 2.5. Generally, they show good agreement with

the experimentally measured responsivities. The magnitude of absorption increases

dramatically with the thickness of grating layer while the FWHM varies slightly with

respect to it.

To better understand the role of the thickness, we calculate the spatial distribu-

tion of the absorption to investigate hot generation microscopically. The results are

presented in Figure 2.6. It can be noted that there are three regions where apprecia-

ble absorption appears, as shown in Figure 2.6 (b), corresponding to three distinct

types of SPPs propagating around the gratings, one at the top (a), one at the bottom
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Figure 2.5 : Calculated absorption of Au gratings on Si substrate for interslit distance
D=950 nm, slit width W=250 nm, and layer thickness T=93(black), 170(grey), 200
nm(green)

(c), and the other through the slits (b), as illustrated in Figure 2.6 (a). The SPP

at the bottom surface possesses more noticeable nodes compared to that at the top

surface since the dielectric of Si is larger than that of the air, giving rise to the com-

paratively short SPP wavelength at the bottom surface. Besides, more absorption

can be observed at the bottom surface partially due to the presence of the adhesion

material Ti which is more lossy compared to Au. Because the mean free path of the

hot electron in Au is about 35 nm [47, 48], only the SPPs existing at the bottom
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Figure 2.6 : Propagation of surface plasmon polaritons (SPPs) on Au gratings. (a)
Three forms of SPPs exist at the top (a), in the slit (b), and at the bottom (c) of the
Au gratings. (b) FDTD calculated spatial distribution of plasmonic absorption.

surface will directly contribute to the photocurrent. However, the SPPs through the

slits can mediate the bottom SPPs so as to indirectly control the photocurrent by

making the top SPPs interfere with them. In a sense, the slits serve as nanocavities

effectively coupling the SPPs at the top and bottom surfaces and the quality of the

nanocavities is determined by the thickness of the slits. Here, for 200nm thickness,

the coupling is maximized, therefore the SPPs decay is enhanced, leading to high hot

electron production and high yield of photocurrent.

As for the peak position of the responsivity, it is actually determined by the SPP

modes. To quantitatively see this, we examine the photoresponse of a grating struc-

ture with thickness T=200nm, interslit distance D=1100nm, and width W=250nm.

Both the experimental measured photoresponsivity and FDTD calculated absorption
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exhibit two distinct peaks at 1635nm and 1285nm, as shown in Figure 2.7 (a). To

Figure 2.7 : Identification of SPP modes. (a) FDTD calculated absorption (black)
and experimental measured photoresponsivity (red) for the grating with thickness
T=200nm, interslit distance D=1100nm, and width W=250nm. (b) and (c) are
surface charge density at the metal-semiconductor interface for Mode i and Mode ii,
respectively.

identify the modes corresponding to those two peaks, we generate the plots of charge

density respectively. For mode i at 1635nm, the charge density depicted in Figure 2.7

(b) shows the SPP oscillating at the metal-silicon interface forms a standing wave

within two slits. According to SPP dispersion relation described by Equation 2.3, the

equivalent SPP wavelength can be expressed as

λspp = λ

√
εm + εd
εmεd

(2.7)

Since the refractive index of silicon (nd =
√
εd) is 3.42 and the permittity of gold

(εm) is -125 at the wavelength 1635nm, the equivalent SPP wavelength λspp at Au-Si
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interface is calculated to be 445nm. Inserting this number into the standing wave

condition,

D =
N

2
λspp (2.8)

it is easy to obtain N ≈ 5. It means that SPP needs five periods of oscillation

to complete a round trip between two slits, therefore there are five anti-nodes in

the oscillation of the charge density as observed in Figure 2.7 (b). Similarly, for

mode ii at 1285nm, nd is almost the same as that at 1635nm but εm changes into

-78, therefore λspp = 350nm, resulting in N ≈ 6. The round trip right now needs

six periods of oscillation to complete. The charge density plotted in Figure 2.7 (c)

exactly demonstrate this behavior, where six anti-nodes can be observed.

2.5 Tunability of Detection Wavelength

Due to the nature of the SPP standing wave in our photodetection devices, it is

convenient to tune the detection wavelength by varying the interslit distance. For

Figure 2.8 : Measured responsivity (left) and calculated absorption (right) for different
grating interslit distances, changing from 800nm to 1100nm
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the gratings of fixed width W =250nm and thickness T =200nm, the responsivity

peak of its photodetection could be effectively tuned between 1295nm and 1635nm

if the interslit distance D is varied from 800nm to 1100nm, as shown in the left

panel of Figure 2.8. More importantly, the FWHM render a weak dependence on

the interslit distance. The theoretical calculation of absorption, shown in the right

panel of Figure 2.8, gives the same results. If we extract the peak positions and plot

them with respect to the interslit distances in Figure 2.9, we find such peak position

shifts linearly with the interslit distance. It is not difficult to believe this since the

Figure 2.9 : Linear dependence of peak position from experimental data (filled circles)
and FDTD results (empty circles) on interslit distance
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standing wave equation requires the ratio between the interslit distance and the SPP

wavelength to be a constant for a certain mode, that is D/λspp = N/2. Also due to

the fact that λspp is almost linearly proportional to the wavelength of the incident

light λ for the longer wavelength, D/λ should also be a constant. As a result, λ

linearly changes with D.

2.6 Summaries

In this chapter, we show surface plasmon polaritons launched in the gold gratings

can efficiently produce hot electrons through their nonradiative decay. These hot

electrons can easily transfer into the silicon when the gold gratings are placed on top

of it, yielding a narrowband, high-responsive photodetector in the near-infrared range.

With the help of FDTD simulation, we find the mechanism behind these features is

the formation of SPP standing wave at the gold-silicon interface, which can also be

used to realize linearly tuning on the detection wavelength of the devices.
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Chapter 3

Enhancement of Photoelectric Emission by Three

Dimensional Schottky Barrier

3.1 Photoelectric Emission

In the preceding chapter, we have seen that the energetic electrons generated from

the plasmon decay can transport from metal to semiconductor so as to form the

photocurrent. Such process is known as photoelectric emission, which is very similar

to the well-known photoelectric effect except that the electrons are not required to be

emitted into the vacuum state [49]. Apparently, the photoresponsivity of the devices

based on hot electrons is mainly determined by the efficiency of the photoelectric

emission. Therefore, in order to increase the photoresponsivity, one have to seek a

way to improve the probability of photoelectric emission. But before that, let us

take a look at the process of the photoelectric emission in detail, as illustrated in

Figure 3.1.

When a metal gets in touch with a n-type semiconductor, the electrons will flow

from the semiconductor to the metal if the Fermi level of the n-type semiconductor

is higher than that of the metal. As the electrons are being transferred into the

metal, there will be excessive negative charges accumulated at the metal side of the

interface, preventing the electrons from flowing into the metal further. Eventually,

the Fermi surface of the metal will be aligned with that of the semiconductor and

correspondingly, the conduction band of the semiconductor will bend upward, leading
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Figure 3.1 : Schematic illustration of the energy diagram of Schottky barrier and the
process of the photoelectric emission

to a barrier near the interface, which is so-called Schottky barrier. Similarly, the

Schottky barrier can also exist at the interface of a p-type one and the metal if the

Fermi level of the metal is relatively higher. The height of the Schottky barrier ΦB

is equal to the difference between the work function of the metal W and the electron

affinity of the semiconductor χ, that is,

qΦB = |W − χ| (3.1)

For any electrons coming from the metal, they need to possess enough energy to

overcome this barrier and finally get relaxed in the semiconductor to realize the

emission. Optical excitation is a common method for the electrons to gain such

energy and it is easy to imagine that the efficiency of photoelectric emission is closely

related to the photon energy. Basically, this efficiency, also known as the internal

quantum efficiency, can be described by the modified Fowler equation [50,51]:

ηi ≈ CF
(hν − qΦB)2

hν
(3.2)
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where hν is the incident photon energy, CF is the Fowler coefficient depending on

specific details of the Schottky barrier. It can be noted that Fowler equation poses

the requirement that the photon energy should be larger than the Schottky barrier.

However, this cannot completely determine the efficiency, because as we can imagine

if the electrons move almost parallel to the barrier surface, they would barely have

the chance to go across the barrier even though their energy is enough. Given that

the generated hot electrons have possibility to move in any directions, a restriction in

the momentum is also required for the generated hot electrons. Such requirement is

that the component of electron momentum normal to the Schottky barrier k⊥ should

be large enough for the hot electrons to overcome the barrier. That is,

(~k⊥)2

2m
> qΦB (3.3)

As we can see from Figure 3.2, only the hot electrons moving toward the Schottky

Figure 3.2 : Schematic illustration of momentum condition for photoelectric emission

barrier within an angle

Ωm = arccos

√
qΦB

hν
(3.4)



22

can actually go across the barrier and realize the photoelectric emission. Obviously,

this condition is very crucial for the photons of the energy slight above the Schottky

barrier.

3.2 Three Dimensional Schottky Barrier

So far most of the photodetectors people discuss about are comprised of planar struc-

tures, that is, metals are fabricated on top of semiconductors as shown in Figure 3.3.

Accordingly, the Schottky barriers form at the bottom of the metals and they only

allow the electrons moving downward within a certain angle to account for the pho-

toelectric emission. However, as we mentioned before, hot electrons generated from

Figure 3.3 : Plasmon-induced hot electron emission for non-embedded and embedded
nanostructures. Left: Schematic of geometrical configuration. Right: Direction of
electron momentum allowed for photoemission.

plasmon decay could move in any directions. To make the photoemission possible for
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more hot electrons, the range of the Schottky barrier should be enlarged. The typical

procedure is embedding the metallic structures into the semiconductor, which will

introduce two additional Schottky barriers for the photoemission at both sides, as

illustrated in Figure 3.3. As a result, the Schottky barrier becomes three dimensional

contrasted to the two dimensional one for the non-embedded structures.

To see the effects of the embedment, we fabricated various Au nanowires of widths

ranging from 80 nm to 210 nm and embedded them into Si substrate at depths of 5

nm, 15 nm, and 25 nm respectively, as illustrated in the SEM images in Figure 3.4.

The embedment were realized by the creation of tranches in the Si substrate using

reactive ion etching with a chamber pressure of 25 mTorr, 150 W forward power, 6

sccm O2, and 60 sccm CF4. The corresponding etching rate is approximately 0.50

nm/s, determined by atomic force microscopy (AFM). The photoresponsivity of the

devices are characterized by measuring the photocurrent under an illumination of

an ultra broadband visible-infrared frequency laser (Fianium) with the polarization

transverse to the nanowires. The obtained photoresponse for different wire widths

and embedding depths are plotted in Figure 3.4. No significant photoresponse is

observed if the light is polarized along the direction of the nanowires. As we can see,

the embedment can greatly increase the photoresponsivity while leave the resonant

position barely changed. For the peak position, it depends on the width of the

nanowires. If we plot the peak position with respect to the width, as shown in

Figure 3.4, they almost have a linear relation, which could be further confirmed by

FDTD simulation. Since the pitch size is 500nm, periodic boundary condition was

employed to mimic an array of nanowires. A plane wave served as light source and

the absorption was calculated by collecting the energy flow entering the metallic

nanostructures. The calculated peak position of the absorption spectra with respect
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Figure 3.4 : Devices consisting of Au nanowires with different embedments. Top:
SEM images of Au nanowires of 10 µm in length embedded 5 nm(blue), 15 nm(green),
and 25 nm(red) into silicon substrate. Scale bars in the SEM images are 100 nm.
Down Left: Corresponding photoresponse for the devices with widths ranging from
80 nm to 210 nm. Down Right: Peak position of the photoresponsivity with respect
to the wire width. Black line indicates calculated absorption peak wavelengths

to the wire width, marked as black line in Figure 3.4, shows a good agreement with

the experiment result.

Though the peak position agrees quite well, however, the calculated absorption

renders a negligible dependence on embedding depth, which is inconsistent with
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the measured responsivity at all. As shown in Figure 3.5 (b), the absorptions of

the nanowires are almost the same for different embedding depth, which means the

nanowires absorb the same amount of photons regardless of their embedding depth.

This is completely contradict the measured results shown in Figure 3.5 (a) which

Figure 3.5 : Measured responsivities (a) and calculated absorption (b) with respect
to the nanowire width at λ =1500 nm for different embedding depths: 5 nm (blue),
15 nm (green), and 25 nm (red).

reveal that the total number of generated electrons varies closely with the embed-

ding depth. Especially, for small widths of the nanowires, the enhancement of the

photoresponsivity can achieve 10 times due to the embedment. Given that the total

number of absorbed photons does not change while that of the generated electrons

does, the discrepancy between experimental measurement and theoretical estimation

implies 3D Schottky barrier is indeed improving the efficiency of the photoelectric
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emission process.

3.3 Directionality of Photoelectric Emission

To better understand the mechanism behind the improvement of photoemission effi-

ciency, we examine several aspects that might change due to the embedment:

(1) Height of Schottky barrier: As we mentioned before in Equation 3.2, the

efficiency ηi depends on the height of Schottky barrier ΦB. Though theoretically

speaking ΦB is determined by the materials, fabrication detail could also affects its

value in fact. To verify it, we carried out measurements of I-V characteristics for the

devices with different embedding depths. However, they give identical I-V curves,

as shown in Figure 3.6, indicating that the photocurrent enhancement is unlikely

due to the variation of the height of Schottky barrier. Based on thermionic emission

theory [52], the height of Schottky barrier can be extracted from I-V curves by the

formula:

I = Isat[exp(
q(V )− Vphoto

ηkT
)− 1] (3.5)

and saturation current

Isat = SA∗∗T 2 exp(−qΦB

kT
) (3.6)

where T is the temperature in Kelvin, k is the Boltzmann’s constant, η is the ideality

factor, S is the Schottky contact area, and A∗∗ is the reduced effective Richardson

constant. For our devices, the area S is 10 × 10 µm2 and the Richardson constant

is chosen as 110 A/(cm2·k2), therefore the ideality factor η is estimated to be 1.13

and the Schottky barrier height corresponds to 520 meV by a least-mean-squares fit,

which is found to be very close to the literature values for Ti/Si barrier devices [52,53].

(2) Spatial distribution of absorption: Due to the modification of geometrical con-
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Figure 3.6 : I-V curves of Au Schottky contacts for embedding depths: 0 nm (blue),
5 nm (green), and 10 nm (red).

figuration, the spatial distribution of the absorption could be changed, leading to a

variation in the photoelectric emission. Therefore, we calculate the spatial distribu-

tion of the electric field as well as the absorption for the embedding depths 5nm and

25 nm, as depicted in Figure 3.7. As we can see, the electric field changes slightly

near the top surface of the nanowires after the embedding depth varies from 5 nm to

25 nm, especially around the top edge. And as for the absorption distribution, the

absorption at the bottom surface of the nanowires increase a little bit. But generally

speaking, such small variance is again unable to provide us a clearly clue to account

for the photocurrent enhancement.

(3) Vertical Schottky barrier: The embedment introduces two additional lateral
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Figure 3.7 : Schematics of gold nanowires embedded in the silicon for (a) 5nm and
(b) 25 nm. Spatial distribution of electric field for embedding depth (c) 5 nm and (d)
25 nm. Spatial distribution of absorption for embedding depth (e) 5 nm and (f) 25
nm.

Schottky barriers, giving rise to an increase of the total area of Schottky contact. The

extent of area change can be estimated by measuring the length change of gold-silicon

interface and the results are plotted as geometric enhancement in Figure 3.8. It can

be noticed that the geometric enhancement exhibits a significant change with the

embedding depth compared to the previous two aspects, especially for small width of

the nanowires, which can approach a factor of 2. In this way, the vertical Schottky

barrier can improve the photoelectric emission. However, if we take a quantitative

comparison between the measured photocurrent enhancement and the calculated geo-

metric enhancement, they have two obvious discrepancies yet, as shown in Figure 3.8.

One is that the photocurrent enhancement is several times larger than the geometric

enhancement. The other is that the photocurrent enhancement decreases faster than
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Figure 3.8 : Top: Calculated geometric enhancement with respect to the nanowire
width for different embedding depths: 5, 15, 25, 35 nm. Down: Measured photocur-
rent enhancement with respect to the nanowire width at wavelength of 1300 nm (solid
triangle) and 1500 nm (solid circle)

the geometric enhancement as the width of the nanowire increases. As a matter of

fact, the first discrepancy indicates that the vertical Schottky barrier plays an predom-

inant role in contributing to photoelectric emission since the photocurrent changes a

lot even if the vertical area changes a little bit. In addition, we could also infer from

this that hot electrons decaying from plasmons preferably move in the same direction
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as the polarization of incident light. For the second discrepancy, it is as a result

of the mean free path of electrons. In the nanowire with large width, the electrons

created at the center are unable to approach the interface without collision, which

will alter the direction of the electrons along with reducing their energy. Therefore

these electrons are less likely to overcome the barriers. So the embedment will only

benefit the electrons created near the interface and accordingly the enhancement of

photoelectric emission will decrease with the width at a rate depending on the mean

free path. Based on curves in Figure 3.8 we can estimate a spatial decay length of

24 nm, which is consistent with the mean free path of electrons in Au reported in

literatures [47,48].

3.4 Summaries

In this chapter, we investigated the photoelectric emission occurring at the metal-

semiconductor interface and managed to improve its efficiency by embedding plas-

monic nanostructures into semiconducting materials. We demonstrated such em-

bedment could introduce additional vertical Schottky barriers so as to increase the

directional range of the photoemission. Our results further showed that hot electrons

arising from plasmons decay would move preferably parallel with excitation polariza-

tion, making the vertical Schottky barriers play a crucial role in the photoemission.

Besides, we also found the mean free path of electrons would otherwise limit the

improvement of photoemission efficiency due to the collision.
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Chapter 4

CMOS-compatible Aluminum Photodetector

4.1 Aluminum Plasmonics

Though plasmonics exhibit of great promise in future optoelectronics, however, plas-

monic materials commonly used so far, such as gold, silver, and other noble metals, are

incompatible with current semiconductor industrial due to the fact that they usually

cause major contamination issues during fabrication processes. Many other conduc-

tive materials have been revisited during these years [54]. Recently, aluminum is found

to be a perfect candidate because it is complementary metal-oxide-semiconductor

(CMOS) -compatible or mass-producible. In addition, aluminum also possesses many

exceptional properties [1, 55]:

(1) It is known as the third most abundant element (after oxygen and silicon) and

the most abundant metallic element in the earth’s crust, so aluminum is considerably

cheap compared to the noble metals like gold, silver etc.

(2) It is relatively a stable material since the surface of aluminum is easily oxidized

and the corresponding 2-3 nm oxide layer (Alumina) can in turn protect the aluminum

from further degradation.

(3) It has three valence electrons so Aluminum can provide three free electrons

per atom, leading to a large electron density (nAl = 18.1 × 1022/cm3) comparing to

gold (nAu = 5.90× 1022/cm3) and silver (nAg = 5.86× 1022/cm3) which provide only

one electron per atom [38]. Accordingly, its plasmon energy is much higher, usually
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in UV range.

(4) It has a lower background screening (εAl
∞ ≈ 1) in comparison with Au (εAu

∞ ≈ 9)

and Ag (εAg
∞ ≈ 4). Because of this along with the high electron density, aluminum

can produce a more intensive near-field.

(5) It has a d-band lying well above its Fermi level, so the plasmon resonance

of Aluminum can cover a wide spectral range without the influence of interband

transition, which is usually the main issue for the noble metals, as shown in Figure 4.1.

Figure 4.1 : Comparison of plasmon tunability ranges for gold, silver and aluminum,
extracted from Ref. [1].

4.2 Aluminum Metal-semiconductor-metal Photodetectors

In previous literatures [1, 55], aluminum nanorods and nanodisks were demonstrated

to possess great tunabilities of plasmon resonance, from 600 nm down to 250 nm,

with their sizes. Therefore, it is feasible to realize photodetection in the visible range

using aluminum nanostructures. Here, we employ grating structures again and the

corresponding device is illustrated in Figure 4.2. The device is built on a lightly

doped (10-30 Ω/cm) < 100 > p-type silicon wafer with a 50 nm oxide layer prepared
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Figure 4.2 : Left: Schematic illustration of aluminum metal-semiconductor-metal
photodetector. Right: Corresponding fabrication procedure of the photodetector.

by thermal growth and reactive ion etching. The two aluminum contacts (area of

10 µm×10µm) are first added using photolithography. Then 50 nm thick aluminum

gratings, covering an area of 7 µm × 15 µm, are fabricated on top of the oxide layer

through electron beam lithography. The pitch of gratings were kept at a constant 100

nm for all photodetectors. Since the oxide layer is a transparent spacer, separating

the electric connection between aluminum gratings and silicon, Schottky junctions are

only formed at the two contacts. The aluminum gratings serve as an optical filter,

modifying the performance of this metal-semiconductor-metal (MSM) photodetector

with the help of surface plasmons.

The MSM photodetectors here exhibit several advantages against the single Schot-

tky barrier photodetectors used before: (1) Zero current without bias voltage. It can

noticed that the two Schottky junctions are polarized in the opposite directions for

the MSM photodetectors. Therefore, no current will ultimately come out without

the presence of the bias voltage even if electron-hole pairs have been created after

illumination. All the electrons will be trapped within the channel between the two
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junctions. (2) Symmetric current-voltage characteristics. Since the MSM structure is

symmetric in space, it is identical with respect to forward and reverse bias voltages.

So it can work in either forward or reverse direction. The corresponding generated

current have the same magnitude but opposite direction for the forward and reverse

biases respectively, as shown in Figure 4.3. (3) Photocurrent gain under bias voltage.

Figure 4.3 : Current-voltage curves of aluminum MSM photodetector without (black)
and with (red) illumination.

Due to the opposite polarization of the two Schottky junctions, bias voltage in either

direction will cause one to be forward biased and the other to be reverse biased. Most

of carriers will be created by the light in the reverse biased one and move toward the

forward biased one. On the one hand, for the forward biased Schottky barrier, its

height is already reduced by the bias voltage, so the carriers can easily go across it,

giving rise to an enhancement of photocurrent. On the other hand, for those carri-

ers failing to go across it, they will be accumulated at the junction. This effect will
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further lower the barrier, leading to a significant gain in the photocurrent.

Because of these advantages, our device gives rise to a photoresponsivity of 7.67

A/W which corresponds to an intrinsic gain of more than 290. Meanwhile, the pho-

todetection resolution of our device is very high. It can be characterized by the noise

which determines the minimum detectable signal of the device. The two typical noises

are Johnson noise and shot noise. The Johnson noise arises from the fluctuations of

voltage across the device caused by the thermal motion of the charge carriers [56]. It

can be estimated in terms of Johnson noise spectral density

iJohnson =

√
4kBTB

R
≈ 1.64 fAHz−1/2 (4.1)

where kB is Boltzmann’s constant, T is the temperature, B is the bandwidth, R is

the dark resistance. The dark resistance extracted from Figure 4.3 is 5.96 GΩ. As for

the shot noise, it comes from discrete charges, that is, random generation and flow

of mobile charge carriers [56]. The corresponding shot noise spectral density can be

expressed as,

iShot =
√

2qIdB ≈ 0.24 fAHz−1/2 (4.2)

where q is the electron charge, and Id is the dark current. Combining both noises, the

total noise spectral density is itotal =
√
i2Johnson + i2Shot. This gives a noise-equivalent

power of 1.66 fWHz−1/2, which is in agreement with other silicon photodetectors [57].

Here for both types of noise, the noise bandwidth can be estimated by transit time

calculations [58],

B =
πµVth
2L2

(4.3)

where L is the distance between two junctions, µ is the mobility, and Vth is the thresh-

old voltage. For our device, L ≈ 20 µm, µ ≈ 500 cm2/(V·s), and Vth obtained from

Figure 4.3 is approximately 0.36 V. Accordingly, the 3-dB bandwidth of our device is
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about 6.9 GHz. This value is much larger than that of most semiconductor photode-

tectors which is around KHz - MHz range [59] and comparable to graphene-based

photodetectors which usually have low responsivities (<150 nA/W), however [60].

4.3 Aluminum Plasmonic Color Filter

Aside from high photoresponsivity, our MSM photodetector also exhibits a striking

feature of chromatic selectivity. For different pitch size or different corresponding

period, the device responses to different color of the light differently, as shown in

upper left panel of Figure 4.4. As we can see for the periods of 300 nm, 400 nm, and

500nm, the devices detect blue, green, and red light respectively.

To get a clear idea of the mechanism behind this feature, FDTD modeling was

performed to calculate the light absorption in the silicon. Due to the translation

symmetry along the slit, our modeling could be simplified into a 2D situation. The

entire simulation domain were surrounded by periodic boundary at lateral sides and

PML at top and bottom sides. A plane-wave light with a linear polarization transverse

to the slits was used as a source normally incident on the slits. The absorption is

obtained by collecting power absorbed within a region 10 µm below silicon surface in

order to account all the photons absorbed by the silicon. The dielectric function of

the materials are used with literature value from Palik [46]. The calculated results

are plotted in the upper right panel of Figure 4.4. They are in good agreement with

experiment results even regarding the amplitude. According to the simulation, it can

be found that the amplitude of absorption is closely related to the size of region where

absorption is collected. If the size was small, the amplitude at low energy side would

be reduced somewhat. This is because the penetrating ability for low energy photons

in silicon is stronger than that of high energy. Therefore, we need to use a region
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Figure 4.4 : Aluminum plasmonic color filter. Upper left: Measured photoresponsivity
for the photodetector with grating period 500 nm (red), 400 nm (green) and 300 nm
(blue). Upper right: Calculated power absorbed in the silicon for the same sizes.
Bottom (from left to right): Field enhancement at maximal absorption, minimal
absorption, and abnormal absorption.

large enough, which corresponds to 10 µm here, to include all the absorbed photons.

The origin of chromatic selectivity can be revealed with the help of the calculated

enhancement of electric near-field. The near field enhancement at three different

positions marked as i, ii, and iii in the red curve in the upper right panel of Figure 4.4

are plotted in the bottom panel of Figure 4.4. It can be noted that they represent

three different scenarios of the interference between incident field and induced field

from gratings. At position i, the induced plasmon field constructively interferes with

the incident field, assisting the incident power to travel through the grating structures
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and be absorbed by the silicon. Therefore, the absorption shows a maximum at this

position. At position ii, such interference becomes destructive, so most of incident

power will be blocked before the gratings, leading to a minimum in the absorption.

For position iii, the wavelength equals the grating period. In this situation, the

diffraction effect of gratings overrides the plasmon effect, which is also known as

Wood’s Anomaly [61]. This makes part of incident power be reflected but part of

them go across the gratings. As a result, a small sharp peak appears at this position.

All in all, the strong interference between near-field and far-field makes aluminum

gratings be a excellent color filter, effectively selecting the detection range for the

MSM photodetector.

4.4 Photoconductive Effect

In the Figure 4.3, we observed that the current changes with respect to the biased

voltage almost linearly within the shadowed regime while nonlinearly outside that

regime. In addition, the slope of the I-V curves within the linear regime varies for

the cases with and without illumination. This phenomenon implies that the illumi-

nation induces a change in the conductance of our device, or more specifically, the

conductivity of silicon. This is known as photoconductive effect. To further investi-

gate this effect in our device, we gradually increase the incident power and monitor

the change of conductance with respect to incident power, as shown in Figure 4.5.

As we can notice, the slope enlarges as the incident power increases. Noting that the

conductance is proportional to the slope, large incident power can give rise to a high

conductance. This is very reasonable since more incident power could create more

free carriers in silicon to facilitate the conduction. Quantitatively, the change in the
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Figure 4.5 : Left: Current-voltage curves for incident power ranging from 0 to 96
µW. Right: Variation of the device conductance with respect to incident power.

conductance with respect to incident power is governed by the following relation [62]:

4σ = q(µn + µp)Φη (4.4)

where 4σ is the change in conductance, µn and µp are the mobilities of electron and

hole respectively, Φ is the photon flux, and η is the quantum efficiency. The mo-

bilities of electron and hole are estimated to be 1500 cm2/(V·s) and 500 cm2/(V·s)

respectively. Therefore Equation 4.4 gives a quantum efficiency of 5.8% for our pho-

todetector. It is much bigger than that of the devices based on photoelectric emission

mainly because the charge carrier of our MSM photodetector is created in the semi-

conductoring materials.

4.5 Summaries

In this chapter, we implemented aluminum gratings on MSM photodetectors to en-

hance the performance of photodetection. We showed that the aluminum plasmons

generated in gratings could not only increase the photoresponsivity by assisting light

absorption in silicon but also extend the detection range over the entire visible. More-
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over, we also found the optical carrier density in our device could be actively tuned

with incident light power.
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Chapter 5

Nanoantennas Loaded with Three-dimensional

Optical Nanocircuit Elements

5.1 Optical Lumped Elements

Metallic nanoparticles are often regarded as nanoantennas owing to their strong abili-

ties in receiving and transmitting optical signals [34,63,64]. For a traditional antenna,

as we know, it consists of a resonant electric circuit formed by a series of resistors,

capacitors and inductors. Such circuit could be driven either by an electric signal to

generate the electromagnetic signal or, in a reverse way, by an electromagnetic signal

to produce the electric signal. As for the nanoantenna, it differs from the traditional

antenna in that it has ultra-small size and it operates in optical frequency range. In

order to draw the connection between the metallic nanoparticles and the nanoanten-

nas as well as to interpret the corresponding optical response, the concepts of lumped

circuit element needs to be extended into optical frequency domain. Fortunately, such

analogues have already been found several years ago [65,66], as shown in Figure 5.1,

(1) For a material with Re(ε)>0, it corresponds to a capacitor with the capacitance

C(ε). The impedance it brings into the circuits is

Z = − 1

iωC(ε)
(5.1)

(2) For a material with Re(ε)<0, it corresponds to an inductor with the inductance

L(ε). The impedance it brings into the circuits is

Z = −iωL(ε) (5.2)
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Figure 5.1 : Analogues of lumped circuit elements (capacitor, inductor, resistor)
between electronics and optics

(3) For a lossy material, that is, Im(ε)6=0, it corresponds to a resistor with the

resistance R(ε), The impedance it brings into the circuits is

Z = R(ε) (5.3)

According to these correspondences, dielectric materials serve as good capacitors

since they have a positive real part and a negligible imaginary parts of permittivities.

For real metals, since they have a negative real part and a finite imaginary part

of permittivities, they behave like a combination of inductors and resistors. Given

the expressions for these two basic types of materials, we can treat any plasmonic

nanostructures as certain arrangements of those elements. This will not only facilitate

our analysis in the optical response of the plasmonic nanostructures, but also allow

us to conveniently design specific nanophotonic systems [65–67].
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5.2 Nanocircuit Model for Unloaded Dimer Nanoantenna

To see how the optical circuit theory works, let us first take a look at a Au dimer

nanoantenna, which consists of two identical nanodiscs with diameter d=116 nm,

thickness t=50 nm, and separation g=30 nm, placed on a 100 nm SiO2 substrate,

as shown in Figure 5.2 (a). As we mentioned before, a real metallic system contains

Figure 5.2 : Unloaded Au dimer nanoantenna. (a) Schematic of geometrical config-
uration: diameter d=116 nm, thickness t=50 nm, gap size g=30nm (b) Correspond-
ing circuit model for the nanoantenna (c) Intrinsic resistance and reactance of the
nanoantenna with respect to wavelength

both inductive and resistive parts, so the effective optical impedance of the dimer

nanoantenna can be written as,

Za = Ra − iXa (5.4)

where Ra and Xa are the resistance and reactance of the nanoantenna, respectively.

Since various materials will be loaded in the gap later, we regard this impedance as the

intrinsic impedance of the gold dimer alone here. When an external electromagnetic
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wave shines on the nanoantenna, it actually drives the gold dimer along with the

air gap. Therefore, the equivalent circuit, as illustrated in Figure 5.2 (b), is formed

by a parallel connection between the intrinsic impedance Za and a capacitor Cair

originating from the air gap. So the total input resistance r0 and reactance x0 of the

antenna, which includes both the dimer and the air gap, can be expressed in terms of

Za and Cair, and vice versa. Given that the r0 and x0 can be directly obtained from

full-wave numerical simulations, the value of the intrinsic resistance Ra and reactance

Xa can be retrieved respectively based on following formulas [68],

Ra =
r0

1 + Cairω[2x0 + Cair(r20 + x20)ω]

Xa =
x0 + Cair(r

2
0 + x20)ω

1 + Cairω[2x0 + Cair(r20 + x20)ω]

(5.5)

with Cair = ε0S/g, where S is the effective area of the gap. The corresponding results

are plotted in Figure 5.2 (c). As we can see, the intrinsic impedance has a pronounced

resonance feature around 700 nm, which corresponds to the plasmon frequency of the

nanoantenna. With the help of this intrinsic impedance of the nanoantenna, we can

estimate the optical responses of the nanoantennas with loading materials by replac-

ing the impedance of the gap accordingly. To verify the accuracy of this approach,

both experimental measurement and numerical simulation are performed on the same

structures. In experiment, we fabricated the structures using two-step electron-beam

lithography, that is, first preparing the antenna structures and alignment markers,

and then fabricating the loading materials in the gap position determined by the

alignment markers. The scattering spectra of the structures are collected by dark-

field field microscopy with a numerical aperture of 0.55. Numerically, we use finite

element method with COMSOL Multiphysics to perform full-wave simulations. Due

to the presence of the substrate, two-step simulation is employed to remove the possi-
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ble modes arising from substrate. First, a plane wave is incident on the bare substrate

to obtain a total field. Then this total field is implemented as the new incident field

to simulate the scattered field for the structures with the substrate. The ultimate

scattering spectra are calculated by integrating the scattered field intensity within an

angle corresponding to the numerical aperture in the experiment after performing the

near-field to far-field transformation based on Stratton-Chu formula [69].

5.3 Dimer Nanoantenna Loaded with Dieletric Materials

The simplest case is that a dielectric material (Re(ε)> 0) is loaded to the nanoan-

tenna. For instance, a SiO2 nanorod is placed within the gap of the nanoantenna,

as illustrated in Figure 5.3 (a). The nanorod has the dimension characterized by its

width, length, and thickness (w × g × t), which can be obtained from fabrication

details and SEM images shown in Figure 5.3 (b). The thickness of the nanorod is the

same as that of the Au discs (t=50 nm) and the length is the same as the gap size

(g=30 nm). For the width, we choose three different values w=23 nm, 30 nm, 50nm.

The measured dark-field scattering of these antennas with and without SiO2 nanorods

are plotted in Figure 5.3 (c). It can be noticed that the SiO2 load redshifts the reso-

nant peak of the nanoantenna (red, green and purple curves) comparing to the bare

nanoantenna (black curve) and the amount of redshift is observed proportional to the

size of nanoloads. The simulated scattering cross sections in Figure 5.3 (c) render the

same features and the peak positions are in a good agreement with the experimental

data. To get a clear picture of the physical mechanism behind this, let us take a look

at SiO2 nanorods in circuit model. As we mentioned before, dielectric materials act

like capacitors, so the equivalent circuit, depicted in Figure 5.3 (a), is the same as

that for the bare antenna except that the value of the capacitance changes from Cair
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Figure 5.3 : Dimer nanoantenna loaded with SiO2. (a) Schematic of geometrical
configuration and circuit model (b) SEM images of dimer nanoantennas loaded with
different sizes of SiO2. The SiO2 loads have same thickness as the gold nanodisks
(t=50 nm) and length g=30 nm, but different widths, w=23 nm, 30 nm, 50 nm for
1-3 cases respectively. All scale bars are 50 nm in the SEM images. (c) Experimental
scattering spectra, simulated scattering spectra, calculated input resistances, and
calculated intrinsic susceptance of the nanoantennas. (d) Comparison of the resonance
wavelengths from experiment, numerical simulation, and circuit theory.

to C, which is estimated as follows,

C = ε
wt

g
(5.6)

where ε is the permittivity of loading material SiO2. Due to the parallel connection,

the total input impedance at the gap should be

Zin =
(
− iωC +

1

Ra − iXa

)−1
(5.7)

The frequency-dependent real part of Zin, also known as resistances, are calculated

and plotted in Figure 5.3 (c) for different cases. They exhibit strong resonant peaks

at certain frequency, where the antennas can provide maximal absorption in its re-

ceiving mode or be matched to an optical source and provide maximal scattering in
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Load C(aF)

1 0.82

2 1.07

3 1.78

Table 5.1 : Calculated capacitance for silica nanoloads 1-3.

its transmitting mode. Based on Equation 5.7, this resonance originates from the

compensation between the intrinsic susceptance of the nanoantenna Im(Z−1a ) and the

capcitive susceptance of the nanoload −ωC, as indicated in Figure 5.3 (c). For three

different nanoloads, the corresponding capacitances are listed in Table 5.1. Noting

that as the size of nanoload increases, the capacitance increases, the susceptances of

the nanoantenna and the nanoload will intersect at longer wavelength, as illustrated

in Figure 5.3 (c), resulting in the redshift of the resonance peak. Comparing exper-

imental, numerical, and analytical results in Figure 5.3 (d), we see that they match

very well, implying that the circuit theory successfully predicts the resonance position

of loaded antenna.

We can use the same procedure to treat semiconducting materials which usually

have higher permttivity at optical frequency than SiO2. For instance, CdTeSe@ZnS

core/shell quantum dots could provide the permittivity around 4. Its frequency-

dependent permittivity is close to that of CdSe quantum dots, which can be described

in terms of a Lorentz model,

ε = εb +
f

ω2
0 − ω2 − iωγ

(5.8)

All the parameters (ε = 4.43, ω0 = 2.67×1015 s−1, γ = 2.72×1014 s−1, f = 1.6×1027

s−2) are extracted from the optical spectra provided by Invitrogen. The experimental,
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numerical, and analytical results are plotted in Figure 5.4. Here, the size of quan-

tum dots is characterized by their diameter d, so the corresponding capacitance is

C = εdt/g. The values for four cases, d=24 nm, 29 nm, 35 nm, and 45 nm, are

listed in Table 5.2. Comparing with the values for the SiO2 nanoloads in Table 5.1,

Figure 5.4 : Dimer nanoantenna loaded with quantum dot CdTeSe@ZnS. (a)
Schematic of geometrical configuration and circuit model (b) SEM images of dimer
nanoantennas loaded with different sizes of CdTeSe@ZnS. Diameters: d=24 nm, 29
nm, 35 nm, and 45 nm for 1-4 cases respectively. All scale bars are 50 nm in the
SEM images. (c) Experimental scattering spectra, simulated scattering spectra, cal-
culated input resistances, and calculated intrinsic susceptance of the nanoantennas.
(d) Comparison of the resonance wavelength from experiment, numerical simulation,
and circuit theory.

CdTeSe@ZnS nanoloads have relatively larger capacitance, therefore they induce big-

ger redshift for the resonance position, as shown in Figure 5.4 (c). Once again, the

experiment, simulation and circuit model give rise to consistent results, as we can see

in Figure 5.4 (d).
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Load C(aF)

1 4.60

2 5.56

3 6.71

4 8.62

Table 5.2 : Calculated capacitance for CdTeSe@ZnS nanoloads 1-4.

5.4 Dimer Nanoantenna Loaded with Conductive Materials

If the dielectric nanoloads are now replaced by some conductive ones, the capacitors in

the circuit will accordingly change into inductors. For example, loading Au nanopar-

ticles into the gap of the nanoantennas, as illustrated in Figure 5.5 (a) and (b). As the

size of Au nanoparticles gradually increase from cases 1-3, it gives rise to two different

situations. For loads 1 and 2, they have round shapes with diameter d=20 nm and 28

nm respectively and they do not contact with the dimer nanoantenna while for load 3,

it has rod shape with width w=20 nm and it touches the dimer nanoantenna. In the

nontouching situation, the gold nanoload gives rise to an optical frequency inductor

of L = −(ω2πεd/2)−1 along with two capacitors due to the two gaps between the

gold nano load and the discs of the antenna. The capacitances are C1 = ε0(wt/g1)

and C2 = ε0(wt/g2), respectively, where g1 and g2 are sizes of the residual gaps. For

simplicity, C1 and C2 are assumed to be the same here. Table 5.3 lists all the values

of the inductors and capacitors. The arrangement of these inductors and capacitors

is depicted in Figure 5.5 (a): first, the inductor of gold nanoload is in serial with the

capacitors from gaps, and then they altogether are in parallel with the antenna. The



50

Figure 5.5 : Dimer nanoantenna loaded with gold. (a) Schematic of geometrical
configuration and circuit model (b) SEM images of dimer nanoantennas loaded with
different sizes of gold. For loads 1 and 2, the diameter of gold nanoloads are d=20
nm and 28 nm, respectively. For load 3, the gold nanorod has the width w=20 nm.
All scale bars are 50 nm in the SEM images. (c) Experimental scattering spectra,
simulated scattering spectra, calculated input resistances, and calculated intrinsic
susceptance of the nanoantennas. (d) Comparison of the resonance wavelength from
experiment, numerical simulation, and circuit theory.

resulting input impedance has the form,

Zin =

((
− iωL+

1

−iωC1

+
1

−iωC2

)−1
+

1

Ra − iXa

)−1
(5.9)

It can be noticed from Equation 5.9 that gold nanoload behaves like a second-order

nanofilter with a characteristic frequency (ωc = (LC)−1/2) in the visible regime. The

corresponding effects of this nanofilter is demonstrated in the scattering spectra shown

in Figure 5.5 (c). It significantly redshifts of the resonance position of the original

nanoantenna, especially for the case d=28 nm, the amount of redshift is about 200 nm.

Regarding the touching case, the two capacitors mentioned before no longer exist since

the gold loading material completely fills the gap of the nanoantenna. The nanofilter

now becomes purely inductive, therefore, there is no intersection for the susceptance
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Load C1=C2 (aF) L(fH)

1 2.25 21.2-1.47i

2 4.73 17.63-1.45i

3 N/A 22.08-1.33i

Table 5.3 : Calculated capacitance and inductance for gold nanoloads 1-3.

in the visible regime. Only a weak resonance for the input resistance appears at the

blue side of the resonance position of the nanoantenna. Accordingly, an attenuated

and blueshifted peak is observed in the measured and simulated scattering spectra.

This might be attributed to the phenomena of electron transferring between two discs

of the nanoantenna. Furthermore, by using the circuit model, we could predict the

existence of a charge transfer mode around 1.5 µm, as indicated by the intersection

of susceptance in Figure 5.5 (c). No matter what kinds of scenarios, as we can see

from Figure 5.5 (d), the nanocircuit model provides a very good agreement with the

experimental and simulation results.

5.5 Dimer Nanoantenna Loaded with Two Materials

The last case to discuss is that the nanoload consists of two different materials. More

specifically, one material is on top of the other. Here we use 30 nm thickness for gold

and 20 nm thickness for silica. The diameter of these nanoloads are chosen equally to

be d=22 nm, 24 nm, and 26 nm for the different cases shown in Figure 5.6 (b). Since

the size of nanoload is smaller than that of the nanoantenna gap, two gap capacitors

C1 and C2 should be taken into account. Following the preceding procedure, the

configuration of equivalent circuit can be plotted in Figure 5.6 (a): first, the gold
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inductor L is in parallel with the silica capacitor C3, and then they altogether are in

serial with the two gap capacitors, and at last the entire part in the gap loaded to

the antenna in parallel. All the values of those elements are listed in Table 5.4 for

three different cases. Accordingly, the total input impedance should be,

Figure 5.6 : Dimer nanoantenna loaded with gold-silica. (a) Schematic of geometrical
configuration and circuit model (b) SEM images of dimer nanoantennas loaded with
different sizes of gold-silica. Thicknesses of gold and silica are 30 nm and 20 nm,
respectively. Diameters d=22 nm, 24 nm, and 26 nm for 1-3 cases, respectively.
All scale bars are 50 nm in the SEM images. (c) Experimental scattering spectra,
simulated scattering spectra, calculated input resistances, and calculated intrinsic
susceptance of the nanoantennas. (d) Comparison of the resonance wavelength from
experiment, numerical simulation, and circuit theory.

Zin =

((( 1

−iωL
− iωC3

)−1
+

1

−iωC1

+
1

−iωC2

)−1
+

1

Ra − iXa

)−1
(5.10)

Apparently, the gold-silica nanoloads corresponds to a third-order nanofilter. Its

effect is clearly revealed in Figure 5.6 (c). For the parallel loading, it can give rise to

a moderate redshift for the resonance of the nanoantenna, that is, smaller than the

pure gold nanoloads while bigger than the pure silica nanoloads. The corresponding
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Load C1=C2 (aF) C3 L(fH)

1 0.97 0.35 26.17-1.77i

2 1.44 0.28 22.38-1.61i

3 1.74 0.28 21.01-1.57i

Table 5.4 : Calculated capacitance and inductance for gold-silica nanoloads 1-3.

comparison plotted in Figure 5.6 (d) prove once again that the circuit model is able

to give consistent results with experiment and simulation.

5.6 Summaries

In this chapter, we extend the concept of lumped elements to optical materials and

employ the principle of impedance matching in circuitry to solve optical nanosys-

tems. By analyzing the optical response of the nanoantenna with loading materials,

we demonstrate the optical circuit model is robust and provides consistent results

with experimental measurement and numerical simulation. In addition, we find that

with the help of the optical circuit model, the effects of different loading materials

can be conveniently interpreted as outputs from different nanofilters loaded by the

nanoantenna.
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Chapter 6

Substrate-mediated Charge Transfer Plasmons

6.1 Charge Transfer Plasmons

In the preceding chapter, we have noticed that a conductive nanoparticle getting in

contact with the discs of a dimer can significantly change the optical properties of

the dimer since the nanoparticle creates a bridge allowing charge transfer between

the two discs. The phenomenon of charge transfer was first recognized during the in-

vestigation of surface-enhance Raman scattering (SERS) in 1986 [70] when it is used

to partially account for the enhancement of SERS signal [71]. So far, charge transfer

has been studied extensively in both experiment and theory [72–77]. In the experi-

ment, people found that the plasmon mode would be blueshifted once two nanopar-

ticles moved close and got touched [72]. In the theory, classical calculation based

on conductive junction model revealed that the charge transfer would redistribute

the surface charges of the nanoparticles and thus alter their Coulombic interaction,

leading to the blueshift of plasmon modes [75,77]. Meanwhile, a new plasmon mode,

so-called charge transfer plasmon (CTP), usually will appear at a relatively lower

frequency. The appearance of charge transfer is found to depend on the transition

time of electrons within the junction which is closely related to the conductance of

the junction based on classical calculation [75]. However, in the context of quantum

mechanics, touching is not necessary. As long as the separation approaches less than

1nm, the tunneling effect of electrons will facilitate this charge transfer process [76].
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The resulting field enhancement will be lowered somewhat compared to that with-

out including the tunneling effect [73, 76]. Noting that most of previous work are

focused on conductive junction, here we consider a conductive substrate instead and

investigate how it will realize the charge transfer between the nanoparticles.

6.2 Substrate-mediated Plasmon in Dimer

First we consider a gold dimer as shown in the inset of Figure 6.1 (a). It consists

of two identical discs separated by 15 nm and each disc is 50 nm in diameter and

30 nm in height. The dimer is fabricated on a 5 nm gold film with a Si/SiO2 sub-

strate. Its optical properties are characterized by measuring the scattering spectra in

the dark field optical microscopy. The light is normally incident on the dimer with

polarization along the interparticle axis (longitudinal polarization).The spectra of a

control structure, that the dimer is directly fabricated on the Si/SiO2 substrate, are

also measured for comparison. Both results are plotted in Figure 6.1 (a). For bare

dimer (blue curve), one single broad resonance is observed at 580 nm; while for dimer

with the 5 nm Au substrate (red curve), there are three distinct resonances at 550,

660, and 800 nm. Moreover, the optical properties of the dimer is very sensitive to the

polarization of the incident light. As we can see in Figure 6.2 (a), only one resonance

peak can be observed when the polarization is rotated 30 degree, 60 degree, and 90

degree (transverse polarization).

To interpret the interesting experimental results, full-wave simulation based on

FDTD is performed to obtain the scattering cross section of the structures, as shown

in Figure 6.1 (b) and Figure 6.2 (b). It can be noticed that the simulated scattering

spectra exhibit good agreement with experimentally measured results. In order to

further identify plasmon modes corresponding to each resonant peak in Figure 6.1,
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Figure 6.1 : Optical properties of a gold dimer consisting of two disks d=50 nm
separated by a gap g=15 nm. (a) The measured scattering spectra for the dimer on
SiO2 (blue) and 5nm Au (red) substrate. Inset: SEM image of the gold dimer (b)
The simulated scattering cross sections of the dimer for the same configuration in (a).

Figure 6.2 : Polarization dependence of a gold dimer on 5 nm thickness Au substrate.
(a) The measured scattering intensity for polarization changing from 30 degree to 90
degree with respect to the long axis of the dimer (b) The simulated scattering cross
sections for the same situations in (a).
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surface charge distributions are calculated with the help of the Gauss’s law, as de-

picted in Figure 6.3. For plasmon mode (1), the surface charge of each disc exhibits

Figure 6.3 : Illustration of plasmon modes in the gold dimer. Left: Energy diagram
for plasmon hybridization. Center: Surface charge distribution and schematics of
dipolar modes for dimers on (1) Si/SiO2 and (2) Au substrate. Right: Surface charge
distribution and schematics of charge transfer mode (3) for dimers on Au substrate.

a dipolar mode and they oscillate in phase with each other. Thus it is a typical dipo-

lar binding mode in terms of plasmon hybridization [10]. For plasmon mode (2), the

surface charge distribution resembles that of mode (1) except that there is a little dis-

tortion around the gap owning to the charge transfer. Therefore it is still regarded as

a dipolar binding mode. The corresponding resonant position (550nm) is blueshifted

with respect to mode (1) (580nm), which can be understood in the following way, as

shown in the left panel of Figure 6.3. When two gold nanoparticles get close enough,

their mutual Coulombic interaction will induce a hybridization of the dipolar modes
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of individual nanoparticles, giving rise to one bonding mode lying below the energy

level of the original plasmon mode while the other antibonding mode laying above

it. The bonding mode has the plasmons of two nanoparticles oscillating in phase.

Obviously, it possesses a large dipole moment which makes it easier coupled to the

light. On the opposite, for the antibonding mode, the oscillation of the plasmons is

out of phase so it is weakly coupled to the light. In this sense, the bonding mode

is regarded as a bright mode while the antibonding mode is a dark mode so the

bonding mode is easily to be observed in the spectra, as we have seen modes (1) and

(2). It is easy to imagine that the separation between the bonding and antibonding

modes is closed related to the strength of interaction between the two nanoparticles.

So once the charge transfer takes place due to the conductive substrate, the surface

charge will flow from one disk to the other. The surface charge near the gap will be

partially neutralized and the interaction between two disks is weakened accordingly.

The energy splitting of plasmon mode in the dimer on the conductive substrate is

reduced compared to that without conductive substrate. As a result, the mode (2) is

blueshifted with respect to the mode (1).

The most striking feature for the conductive substrate-mediated dimer is the plas-

mon mode (3) appearing at 660 nm. The surface charge distribution shown in the

right panel of Figure 6.3 indicates that for each disk it has only one sign of charges

whereas the other sign of charges has been completely neutralized through charge

transfer. To some extent, each single disk exhibits a monopole mode [77] and the

entire dimer behaves as if a single nanoparticle. The typical charge-transfer plasmon

mode observed in our experiment is the first time it has been unequivocally identified.

Moreover, the CTP mode in our structures renders a surprisingly narrow lineshape.

Its FWHM is about 130 meV, apparently narrower than that of the bonding plasmon
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modes (1) or (2) and close to the narrowest linewidths for the longitudinal plasmon

mode of a crystalline Au nanorod observed in single particle measurement [78]. This

narrow feature could be attributed to the ballistic behavior of the electrons when

they transport through this conductive junction of 15 nm in length. Thus there is no

additional loss to broaden the linewidth of CTP. For the lowest energy mode (4), it

has the similar charge distribution (not shown here) as mode (2), so it might corre-

spond to a virtual state, which is similar to the mode previously observed in a system

consisting of a nanoparticle and an underlying thin conductive film [79].

6.3 Substrate-mediated Plasmon in Nonamer

Given that a conductive substrate could effectively tune the plasmon resonance in

dimer, it would be more interesting to investigate its effect on more complex struc-

tures, such as a nonamer which provides a characteristic Fano resonance [21]. Re-

garding the Fano resonance, Ugo Fano discovered it in 1961 when he noticed an

kind of resonance with asymmetric lineshape in his study of the autoionizing states

of atoms [80]. It represents the interference between a broad spectral continuum

and a narrow discrete resonance. The corresponding lineshape satisfies the following

formula [81],

(Fγ + ω − ω0)
2

(ω − ω0)2 + γ2
(6.1)

where ω0 denote the resonance frequency and γ is the linewidth of the resonance,

and F is Fano parameter. The Fano parameter F controls the degree of asymmetry

of the lineshape and also determines whether the interference should be constructive

or destructive [82]. The same concept also applies to a plasmonic system. The

superradiant mode corresponds to the spectral continuum due to its large radiative

damping while the subradiant mode is associated with the discrete resonance since
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its linewidth is relatively narrow. For a pure nonamer, composed of a center disk of

170 nm in diameter surrounded by eight disks of 100 nm diameter with a separation

of 15 nm, it has a prominent Fano resonance at 740 nm, as shown at the bottom

of Figure 6.4. When a metal film is placed beneath the nonamer, the corresponding

Figure 6.4 : Optical properties of gold nonamer. Left: The measured scattering
spectra for the nonamer on SiO2 (blue) substate and Au (red) film with thickness
varying from 5 to 30 nm. Middle: SEM images of the structures for different cases.
Right: The simulated scattering cross sections of the structures for different cases.

optical response undergoes a dramatic change even if the film has only 5 nm in
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thickness. The original Fano resonance appears to be distorted somewhat and a new

broad mode is observed at nominally 1000 nm. As the thickness of the conductive film

increases from 5 to 30 nm, as we can observed in the left panel of Figure 6.4, on the

one hand, the Fano resonance gradually blueshifts and diminishes; on the other hand,

the new mode becomes broadened and greatly damped. The scattering cross sections

obtained from FDTD almost exhibit the same trend as the experiment results except

for the 5 nm case, as shown in the right panel of Figure 6.4. The discrepancy for the 5

nm case might owe to the discontinuity in the film structure as illustrated in the SEM

image. To take this factor into account, a more realistic simulation is performed by

adding a small amount of Au in the interparticle gap without connecting the disks.

The resulting spectrum is plotting in the dashed line and it exhibits better agreement

with the experiment result compared to that calculated with a continuous film plotted

in solid line.

More details on these modes are revealed by plotting the surface charge distri-

butions, as shown in Figure 6.5, at three positions (i), (ii), and (iii) marked in the

spectra in Figure 6.4. For position (i), the charge distribution of the center particle is

opposite to that of the surrounding particles, leading to a small total dipole moment.

Therefore it corresponds to a subradiant mode. For position (ii), the surface charges

of all the disks oscillate in phase, so the nonamer has a huge dipole moment and the

corresponding mode is superradiant. The interaction between these two modes gives

rise to the Fano lineshape around position (i) and (ii). Same as before, these modes

blueshift in the presence of the conductive substrate since the charge transfer reduces

the interaction between disks. For position (iii), it is a charge transfer mode because

some disks have only one kind of charges. More interestingly, the dipole moment of

outside disks is out of phase with that of three central disks. Therefore, the total
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Figure 6.5 : Illustration of plasmon modes in the gold nonamer. (i) Surface charge
distribution and schematics of subradiant mode. (ii) Surface charge distribution and
schematics of superradiant mode. (iii) Surface charge distribution and schematics of
charge-transfer mode.

dipole moment is quite small, leading to the damped far-field response shown in the

spectra.

6.4 Summaries

In this chapter, we successfully implement conductive substrate to induce the charge

transfer between nanoparticles. We observed that the process of the charge transfer

could dramatically modified the optical response of the nanoparticles by not only

blueshifting the original plasmon modes but also creating a new charge transfer plas-

mon mode at the low energy level. Additionally, having the thickness of the con-

ductive substrate being gradually changed, we demonstrate the evolution of plasmon

modes with respect to the variation of the conductance.



63

Chapter 7

Conclusions

In this thesis, we investigated optical properties of plasmon resonances in metal-

lic nanostructures and demonstrated their application in photodetection and signal

modulation.

As for the photodetection, we took the advantage of the nonradiative channel

of plasmon decay to produce hot electrons, which could be efficiently injected into

semiconducting materials to generate photocurrent. We have demonstrated in both

experiment and theory that placing gold gratings on top of silicon could yield a

narrowband photoresponse in the near-infrared range. Detailed theoretical calculation

revealed that such narrowband feature was due to the formation of standing waves

of surface plasmon polaritons at the surface of gold gratings. Since the condition

of standing wave closely depended on the dimension of the gratings, this device was

proven to possess high tunabilities. Besides, since the device exhibited no reliance on

the band structure of silicon, it was able to operate in a wide detection range in the

near-infrared regime.

Then, we investigated the photoemission process in the photocurrent generation

and found out that embedding plasmonic nanostructures within semiconductors could

considerably increase its efficiency so as to improve the performance of the photocur-

rent generation. By varying the embedding depth, we verified that the embedding

technique introduced an additional vertical Schottky barrier allowing silicon to col-

lect hot electrons from more directions. This gave rise to an increase in the prob-
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ability of the photoemission. Besides, comparing experimental data and theoretical

calculations, we further demonstrated that the hot electron generated in the gold

nanostructures moved preferably along the polarization of incident light. This kind

of directional movement made the vertical Schottky barrier play a crucial role in the

process of photoelectric emission.

Furthermore, because of the incompatibility of gold and silver in semiconductor

industry, we sought a new plasmonic material aluminum, which is CMOS compatible

as well as abundant and low cost, and studied its potential for photodetection devices.

We demonstrated that the aluminum gratings could bring a great enhancement to

the performance of photocurrent generation in metal-semiconductor-metal devices.

Meanwhile, owing to high electron density and absence of interband transition in

aluminum, plasmon resonances of the aluminum gratings were found to cover a wide

spectral range including entire visible part. Aside from that, optical conductance of

our device was shown to be actively tunable with the power of the incident light.

Regarding the signal modulation, we have demonstrated adding optical materials

within the gap of gold nanoantenna could effectively modify the optical response of

the nanoantenna. To intuitively understand the mechanism behind this, we devel-

oped an optical circuitry theory based on the resemblance between electrical lumped

elements and optical material, that is, a dielectric, conductive, and lossy material

corresponds to a capacitor, inductor, and resistor, respectively. Given these building

blocks, we successfully constructed first, second, third order optical nanofilters which

could be driven by the nanoantennas. Correspondingly, we applied the concept of

impedance matching to obtain their operational frequencies and proved the robust-

ness of the optical circuitry theory by comparing the results with both experiment

and simulation.
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Last, we employed a conductive substrate to study its influence on the optical

signal from nanocluster. Starting with simple dimer, we found charge transfer would

reduce the interaction between nanoparticles and blueshift the dipolar bonding plas-

mon mode. At the same time, it would also incur a charge transfer mode at a lower

energy level. The width of the charge transfer mode was discovered to be super nar-

row, owing to the ballistic behavior of electrons flowing between the nanoparticles.

Then, the charge transfer was also demonstrated to be capable of modifying the Fano

resonance appearing in nanoclusters with large number of nanoparticles, such as non-

amer. By increasing the thickness of the conductive substate, the Fano resonance

became gradually blueshifted and weakened and meanwhile a weak charge transfer

plasmon mode was brought in at low frequency.

In conclusion, the plasmon resonances in metallic nanostructures can significantly

improve the performance of the photodetectors and effectively modulate the opti-

cal signal of the nanoantennas. Because of this along with great tunability of the

plasmons, metallic nanostructures are believed to have a promising future in the

application of optoelectronic devices.
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