


 
 

ABSTRACT 

Plasmonic Nanostructures: Optical Nanocircuits, Tunable Charge 

Transfer Plasmons, and Properties of Fano Resonant Nanoclusters  

by 

Fangfang Wen 

Metallic Nanoparticles have attracted increasing interest due to their abilities 

to confine and manipulate light at the nanoscale via the excitation of surface 

plasmons, the collective oscillation of free electrons at optical frequencies. Surface 

plasmons can focus electromagnetic field into a small volume and sense the change 

of the local dielectric environment, promising properties for applications in optical 

nanocircuits, frequency modulation, and surface enhanced spectroscopy. New 

interesting properties emerge, such as the Fano resonance, when clusters of 

plasmonic nanoparticles are brought into close proximities. The reduced light 

scattering within the Fano resonance corresponds to the intense local fields around 

and within the nanoclusters, a promising feature for the development of 

ultrasensitive chemical sensors. Cluster of nanoparticles also support a new 

plasmon resonance, the charge transfer plasmon (CTP), when their junctions are 

made conductive. The CTP depends sensitively on the junction conductance, offering 

a unique tool for achieving tunable plasmon resonances. 

The goal of this thesis is to explore new properties of complex plasmonic 

nanoclusters and to apply them in applications of optical nanocircuits, ultrasensitive 



 
 

conductivity measurement, and surface enhanced Raman scattering. The first part of 

the thesis focuses on constructing 3D optical nanocircuits using plasmonic dimer 

nanoantenna composed of two Au nanodisks separated by a gap. Individual 

antennas are loaded with media of specific geometries and dielectric properties, 

acting as optical nanocircuits that tune the resonance of the nanoantennas at visible 

wavelengths. Series and parallel combinations of nanocircuit elements 

(nanocapacitors, nanoinductors and nanoresistors) can be realized by appropriately 

loading specific arrangements of dielectric, semiconducting and metallic 

nanoparticles to the antenna gap. The second part of the thesis investigates the CTP 

in nanowire-bridged dimer nanoantennas. When the junction of the dimer antenna 

is made conductive, the CTP characterized by an oscillating electric current across 

the junction emerges at the lower energies. The CTP is found to depend sensitively 

on the junction conductance, offering a new route for achieving tunable plasmon 

resonances and a unique tool for ultrasensitive conductivity measurement at optical 

frequencies. The CTP is also studied in Au-Al plasmonic heterodimers. The third 

part of the thesis examines the complex near field properties of the Fano resonant 

plasmonic nanoclusters using the surface enhanced Raman scattering (SRES) both 

from molecules distributed randomly on the structure and from carbon 

nanoparticles deposited at specific locations within the structure. For molecules, it 

is found that the largest SERS enhancement is achieved when the Fano resonance 

overlaps with the laser excitation wavelength and the specific stokes mode of the 

molecules. The addition of the carbon nanoparticles drastically redistributes the 

local field enhancement associated with the Fano resonance and leads to a modified 



 
 

SERS enhancement compared to what would be anticipated from the bare 

nanocluster. The plasmonic properties of the Fano clusters can be substantially 

modified by the addition of multiple carbon nanoparticles. The addition of 

individual dielectric nanoparticles at specific locations on a plasmonic cluster can 

also introduce entirely new plasmon modes, or dramatically modify existing modes, 

in the resulting metallodielectric nanostructure.  The last part of the thesis 

demonstrates a plasmon enhanced atomically layered InSe avalanche photodetector 

in which Al nanodisk arrays are introduced to enhance the photocurrent generation 

of the two-dimensional InSe photodetector. 
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Chapter 1 

Introduction 

Nobel metal nanoparticles have gained increasing interest because of their 

unique optical properties associated with localized surface plasmon resonances 

(LSPR), the collective oscillation of free electron gas density at the metal surface. 

These nanostructures couple efficiently to light and exhibit capabilities to confine 

and manipulate the electromagnetic field at the nanoscale, enabling a wide range of 

applications including surface enhanced spectroscopy,1–4 optoelectronics,5–9 

nonlinear optics,10,11 solar steam generation,12–14 photocatalysis,15–17 and cancer 

therapy.18–20 When two or more nanoparticles are placed in close proximities, the 

plasmon supported by each particle couples with each other, giving rise to new 

interesting phenomena and a variety of applications.21–24 For example, a pair of 

metallic nanoparticles separated by a small gap, known as the plasmonic dimer, can 

be used as plasmonic ruler due to the strong dependence of the structure resonance 

on the interparticle spacing.25–27 The strong local field enhancement arising in the 
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dimer gap can be utilized to enhance the Raman scattering of molecules or electrical 

and optical properties of the nanomaterials loaded in the dimer gap.11,28,29 The 

nanoloads in the gap also modify the linewidth, intensity, and frequency of the 

dimer resonance, enabling a broad applicability in optical nanocircuits, terahertz 

frequency photonics devices, and ultrafast nanoswitches.28,30–32 In the case of 

individual dimers being bridged by a conductive junction, the charge transfer 

plasmon (CTP) characterized by an oscillating electric current across the junction, 

arises at lower energies.33–36 The CTP shows a strong dependence on the junction 

conductance, offering a unique tool for achieving tunable plasmon resonance simply 

by modifying the junction geometries or material compositions.37 Cluster of 

plasmonic nanoparticles arranged in a specific configuration also support new 

plasmon resonances, such as the Fano resonance,38–43 produced by the destructive 

interference between a broad superradiant mode and a narrow subradiant mode. 

The Fano resonance shows itself as a dip in the far field scattering spectrum. The 

reduced light scattering profile within the Fano resonance also corresponds to the 

intense local fields around and within the nanoclusters, a promising feature for the 

development of surface enhanced spectroscopy applications.38,40,43 The complex 

properties of plasmonic Fano resonant nanoclusters can be substantially modified 

by the addition of dielectric nanoparticles at specific locations on the cluster.44 

The goals of this thesis are to investigate optical properties of junction 

loaded plasmonic dimers and Fano resonant nanoclusters and to explore their 

applications in optical nanocircuits, frequency modulations, ultrasensitive 

conductivity measurements, and surface enhanced Raman scattering. 
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Chapter 2 gives the background information that pertains to the topics 

discussed in the thesis. The concepts of the nanocircuit elements and optical dimer 

antennas are introduced. Optical properties associated with the charge transfer 

plasmon are explained in detail. The Fano resonance in plasmonic systems is also 

introduced and the near field and far field signatures are discussed. Experimental 

method for fabricating plasmonic heterostructures with extreme narrow gaps, the 

double patterning electron beam lithography technique, is illustrated.  

Chapter 3 provides an experimental demonstration and verification of the 

first three-dimensional optical frequency nanocircuits. Individual dimer antennas 

consisting of two Au nanodisks separated by a gap are loaded with media of specific 

geometries and dielectric properties. These nanoloads act as optical frequency 

nanocircuit elements (nanocapacitors, nanoinductors, or nanoresistors) that control 

and tune the resonance of individual antennas. Series and parallel combinations of 

circuit elements are realized by appropriately loading specific arrangements of 

dielectric, semiconducting and metallic nanoparticles to the antenna gap.   

Chapter 4 reports a systematic study of the charge transfer plasmon in 

individual nanowire-bridged plasmonic dimers. The energy and intensity of the CTP 

are found to be strongly dependent on the junction conductance, which can be 

simply changed by varying the junction geometries and material compositions. We 

demonstrate this plasmon tunability from the visible into the mid-IR. The CTP offers 

a unique tool for the ultrasensitive conductivity measurement and a new route for 

achieving tunable plasmon resonances well into the infrared region. 
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Chapter 5 investigates the plasmonic behaviors in Au-Al heterodimers 

consisting of Au and Al constituents with distinct plasmon resonances. The Au and 

Al nanostructures are fabricated in two separate lithography steps and are arranged 

in different configurations. In the case where Al is fabricated second and overlapped 

with the existed Au constituent forming a direct metallic contact, the conductive 

coupling between two constituents gives a charge transfer plasmon in the NIR 

regime. Reversing the fabrication order to have Al constituent fabricated first and 

Au constituent second, the formation of a thin Al2O3 layer over the Al surface 

prevents the charge transfer between the two metals, resulting in a completely 

distinct optical response. Instead, capacitive coupling between Au and Al 

nanostructures gives rise a hybridized dipolar plamson mode and a higher order 

plasmon mode in the visible regime.  

Chapter 6 examines the complex near fields of Fano resonant nanoclusters 

with surface enhanced Raman scattering (SRES) both from molecules distributed 

randomly on the structure and from carbon nanoparticles deposited at specific 

locations within the structure. Cluster size, geometry, and interparticle spacing all 

modify the near field properties of the Fano resonance. For molecules, the spatially 

dependent SERS response obtained from near field calculations correlates well with 

the relative SERS intensities observed for individual clusters and for specific stokes 

modes of a para-mercaptoaniline adsorbate. It is found that the largest SERS 

enhancement is achieved when the Fano resonance overlaps with the laser 

excitation wavelength and the specific stokes mode of the molecules. The addition of 
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discrete carbon nanoparticles drastically redistributes the local field enhancement 

associated with the Fano resonance and leads to a modified SERS intensities. 

Chapter 7 shows that plasmonic properties of nanoclusters can be 

substantially modified by the addition of dielectric nanoparticles at specific 

locations on the cluster. For a plasmonic Au dimer, depositing a single carbon 

nanoparticle in the interparticle gap induces a quadrupolar plasmon mode. For a 

plasmonic decamer consisting of ten Au nanodisks, placement of several carbon 

nanoparticles in junctions between multiple adjacent Au particles introduces a 

collective magnetic plasmon mode into the existing Fano dip, giving rise to an 

additional subradiant mode in the metallodielectric nanocluster. Since the strength 

of the magnetic mode is comparable to that of the Fano resonance, this deposition-

transmutation technique could have potential application in high-density digital 

data storage devices with optical output.  

Chapter 8 demonstrates an atomically layered InSe avalanche photodetector 

in which Al nanodisks are further introduced to enhance the photocurrent 

generation of the device. The avalanche multiplication is achieved by exploiting the 

large Schottky barriers formed between the layered InSe and Al electrodes, enabling 

the application of a large bias voltage. The Al nanodisk arrays patterned on top of 

the InSe absorb more incident photons and thus further enhance the photoresponse 

of the device. The combination of the avalanche effect and plasmonic enhancement 

collectively improves the external quantum efficiency to 866%, a dark current in the 
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pA range, and a fast response time of 87 µs, advancing the overall performance of 2D 

photodetector.  
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Chapter 2 

Background Information 

2.1. Optical Nanocircuits 

2.1.1. Nanocircuit Elements at Optical Frequencies 

Electronic devices used in our daily life, such as radios, contain thousands of 

basic circuit elements, the capacitors, inductors, and resistors. The specific 

arrangement of these basic circuit elements results in great functionalities, such as 

filters, amplifiers, and transmission lines. These basic circuit elements are operated 

at radio frequencies (RF) based on the circuit theory. Extending the circuit theory 

from the RF to higher frequencies, such optical frequencies, will in general lead to 

the technology advancements in terms of the miniaturization of the devices, large 

data storage capacities, and faster data transfer rates. Prior to the construction of 

optical nanocircuits where circuit operation is based on photons rather than 
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electrons, it is crucial to obtain basic nanocircuit elements that operate at optical 

frequencies. 

  

Figure 2.1 | Nanostructures as the basic nanocircuit elements at optical frequencies. 

Nanostructures, when excited by light, can play the role of basic nanocircuit 

elements, depending on their dielectric properties. The figure is from “Circuits with 

light at nanoscales: Optical nanocircuits inspired by metamaterials”, Nader Engheta, 

Science, 2007.45 

Recently, researchers have proposed that nanostructures when excited by 

light, can effectively play the role of the basic nanocircuit elements, depending on 

the properties of the material permittivity,46,47 as shown in Figure 2.1. If the 

nanoparticles are made of materials with Re()  0 at optical frequencies, such as 

SiO2 or Si nanoparticles, they can serve as nanocapacitors. If the particle is made of 

the material with Re()  0 , such as Au, Ag, and Al nanoparticles, they can be 

treated as nanoinductors. For the nanoparticle with an intrinsic loss Im()  0 , a 
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nanoresistor should be included in the nanocircuit model. Therefore, the intrinsic 

loss of metal nanoparticles can be presented as nanoresistors. Complex nanocircuits 

can be constructed by combining suitably designed arrangements of different 

nanoparticles, and their interaction with light can be interpreted in terms of the 

nanocircuit theory.45,46,48–53 

2.1.2. Optical Nanoantennas 

Antennas operated at RF are designed to convert the electromagnetic wave 

into the electric currents, and vice versa, and have been used wildly in cellular 

phones, radios, and satellite communications.46,48,54 To change the radiofrequency of 

antennas or to match the frequency to a given source or receiver without changing 

the length of antennas, different combinations of the lumped circuit elements are 

loaded into the antennas junction to achieve such goal.48,54,55 The concept of the 

antenna can also be translated into the optical frequencies region where the 

nanoantenna is designed to efficiently couple the energy of the electromagnetic 

radiation to a confined region of subwavelength size. Plasmonic nanostructures, 

such as Au and Al nanoparticles, can focus the incident electromagnetic wave into a 

small volume, due to the excitation of the surface plasmons. Among all the 

nanostructures, plasmonic dimers consisting of two metallic nanoparticles 

separated by small gaps have proven to be simple but efficient nanoantennas that 

concentrate the incident light into a small junction, making plasmon resonances 

very sensitive to the local perturbation.  
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Figure 2.2 | Calculated plasmon resonances of a bare Au dimer nanoantenna and a 

gap-loaded nanoantenna, showing the tuning of the nanoantenna resonance by the 

junction nanoload. 

Figure 2.2 shows the calculated plasmon resonances of a dimer nanoantenna 

before and after its gap loaded with a silica nanoparticle.  The plasmon resonance of 

the optical nanoantenna is tuned to the longer wavelength with the presence of the 

silica nanoparticle in the gap, validating the tunability of the nanoantenna via the 

junction perturbation.  

2.2. Charge Transfer Plasmons 

Plasmonic dimer consisting of two metallic nanoparticles separated by a small 

gap support hybridized dipolar plasmon resonances as a result of the coupling 
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between the plasmon modes of each particles.56 The capacitive coupling between 

two nanoparticles localizes the charges in the gap, giving rise to an intense local 

field that enables a variety of applications.57,58 The properties of the plasmon 

resonance would change profoundly if the dimer junction is made conductive, in 

which charges acquire a conductive channel and can transfer from one particle to 

the other across the junction. The conductive coupling between two nanoparticles of 

the dimer gives rise to a new plasmon resonance at lower energies known as the 

charge transfer plasmon (CTP).34 In fact, the CTP has also been observed in quantum 

systems in which charge transfer occurs through the quantum tunneling.59–61 A key 

distinguishing feature associated with the CTP is the oscillating electric current 

across the junction. 

 

Figure 2.3 | Calculated optical properties of a bare Au dimer and a nanowire-

bridged Au dimer. (a) Schematics and the scattering cross sections of the two 
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structures. The spectra are calculated with the incident electric field direction along 

the dimer axis. (b) Surface charge distributions at resonance i and ii. The capacitive 

coupling of the two Au disk in the bare dimer geometry gives rise to a hybridized 

dipolar plasmon mode (i, black) while a CTP arises at the lower energy (ii, red) in 

the bridged dimer geometry due to the conductively coupling of the two Au disks.   

Here, a simple nanowire-bridged Au dimer geometry is used for 

demonstration. The optical properties of Au dimer with and without the junction Au 

nanowire are plotted together in Figure 2.3 for a direct comparison. The diameter of 

the Au disks is 95 nm and the thickness of the structures is 35 nm in all cases. Both 

the width and length of the junction nanowire are 30 nm. The electric field 

excitation is along the dimer axis. For the bare dimer, a hybridized dipolar plasmon 

(i, black) at 1.95 eV is observed in the scattering spectrum in Figure 2.3a. A distinct 

response is observed when the dimer is bridged with a 30 nm width conductive 

nanowire. Two resonances appear in the spectrum now, a blue-shifted dipolar 

plasmon at 2.1 eV (i, red) and a new CTP at 0.96 eV (ii, red). The nature of the 

plasmon modes is identified definitively by the charge distributions in Figure 2.3b. 

Bridging the Au dimer with a conductive nanowire not only change the far field 

scattering response, but also modify greatly the near field distributions. The local 

electric field distributions at dipolar resonance of the bare dimer and the CTP 

resonance of the bridged case are plotted in Figure 2.4. The electric field shows a 

migration from the dimer gap (black) to the outer edges of the two disks when the 

junction is bridged with a conductive nanowire (red). 
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Figure 2.4 | Local electric field distributions at (a) the dipolar plasmon resonace of 

the bare Au dimer and (b) at the CTP resonance of the nanowire-bridged Au dimer. 

The electric field is plotted at the middle plane z=17.5 nm. The electric field shows a 

migration from the gap of the bare dimer to the outer edges of the two disks when 

the junction is replaced with a 30 nm width Au nanowire.    

Theoretic work has shown that the CTP depends sensitively on the junction 

conductance. Taking the nanowire geometry for example, the junction conductance 

can be expressed as  

 G( )   ( )
WH

L
 ,       (2.1) 

Where  ()  is the AC conductivity of the junction material, W, H, L are the 

width, height, and the length of the nanowire. It is expected that the CTP resonance 

in nanowire bridged Au dimer can be simply tuned by the junction material 

compositions or geometries. Figure 2.5 shows one example of tuning the CTP energy 

by the junction wire width. The increase of the wire width increases the value of the 

junction conductance. Consequently, we see the CTP exhibits a continuous blue shift 

to the higher energy when the junction wire width is increased from 15 nm to 60 

nm.  



 14 

 

Figure 2.5 | Tuning the charge transfer plasmon resonance via the junction 

nanowire width. (a) Schematics of the nanowire-bridged Au dimer with the width 

and length of the nanowire marked as W and L, respectively. (b) CTP tunability via 

the junction wire width. The CTP shows a continuous blue shift to the higher energy 

when the wire width is increased from 15 nm to 60 nm.   

The junction conductance is also closely related to the AC conductivity of the 

junction structure. One can envision the conductance being controlled by the 

junction plasmonic materials. Figure 2.6 plots the AC conductivity of three 

plasmonic materials: gold, silver, and aluminum. In general, Al exhibits a higher AC 

conductivity than Au and Ag at optical frequencies. With the same dimer and 

junction geometry, it is expected that changing the junction material from Au to Al 

will result a larger value of the junction conductance and concurrently a higher CTP 

energy.  
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Figure 2.6 | Real part of the AC conductivity of three plasmonic materials, gold, 

silver, and aluminum. Compared to gold and silver, Al exhibits a higher AC 

conductivity when the wavelength is longer than 500 nm. For Al, the peak at ~ 800 

nm corresponds to the interband transition. Material data are derived from 

tabulated dielectric functions in Palik’s “Handbook of Optical Constants” and 

Johnson and Christy (1972).62,63 

2.3. Fano Resonances in Plasmonic Systems 

Fano resonance with its characteristic asymmetric lineshape was first 

discovered in 1961 by Ugo Fano when he studied the of autoionization states of He 

atom.64 The origin of the Fano resonance stems from the interference between a 

discrete narrow resonance and a broad-spectrum continuum. Although originally 

discovered in quantum systems, Fano resonances have also been observed in a 

number of plasmonic nanostructures, including heterodimers,23,24,65–67 dolmen 

structure,68 ring-disk cavities,69,70 nanomatryoshkas,71,72 and nanoclusters.38,40,73,74 
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In these nanostructures, the interference between the broad superradiant mode 

(“bright” mode) and the narrow subradiant (“dark” mode) mode gives rise to a Fano 

dip in the superradiant continuum at the energy of the subradiant mode. Figure 2.7 

shows the scattering spectrum of an Au plasmonic heptamer in which the central 

nanodisk is surrounded by the six outer ring disks. An asymmetric Fano dip is 

observed in the spectrum at 880 nm due to the interference of the superradiant 

mode, in which all the nanodisks oscillate in phase, and the subradiant mode, in 

which the central nanodisk oscillates out of phase with the outer ring nanodisks.  At 

the Fano resonance, the nanodisks couple strongly with each other, leading to an 

intense local field enhancement and complex hot spots, as observed in the inset in 

Figure 2.7.  

 

Figure 2.7 | The Fano resonance in a plasmonic heptamer consisting of seven Au 

nanodisks arranged in a hexagonal pattern. 
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Fano resonances in plasmonic systems are of particular interest because of 

their exceptional LSPR sensitivities to the change of the dielectric environment and 

intense local field enhancements, promising features for ultrasensitive chemical 

sensing and surface enhanced spectroscopy applications.  

2.4. Double Patterning Electron Beam Lithography 

Electron beam lithography is a top down approach to fabricate plasmonic 

nanostructures with well-defined sizes, shapes, and interparticle spaces. The 

structures are first defined in the electron beam resist using highly focused electron 

beam, followed by a development process to remove the exposed area (positive 

resist). A desired metal film is evaporated onto the substrate using electron beam 

evaporation, followed by a lift off process to reveal the structures via stripping away 

the remaining resist. Using the scanning electron microscope (FEI QUANTA 650) 

with an acceleration voltage of 30 kV, a 7 mm working distance, and a 75 nm thick 

Poly(methylmethacrylate) (PMMA) resist, the dimension of nanostructure can be 

controlled within 5 nm deviations. However, this single exposure lithography 

technique restricts the fabricated structure to the same composition. It also sets the 

limit on the smallest interparticle spacing to 15 nm (with the above described 

conditions), as a result of the proximity effect and the forward scattering events 

associated with electron beam and the resist.  
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Figure 2.8 | Schematic illustration of the double patterning electron beam 

lithography technique. 

To fabricate nanoclusters with smaller gaps or compositional asymmetric 

plasmonic nanstructures, double patterning electron beam lithography technique is 

introduced. Here gives an example of loading a single 18 nm Pd nanoparticle to a 30 

nm gap of two Au disks. Figure 2.8 illustrates the fabrication procedure. The Au 

dimer and Pd nanoparticle are fabricated in two separate lithography steps to 

ensure a small air gap, beyond the limit of one-step lithography, forms in between 

two metals. In the first step, the Au dimer together with some cross alignment 

marks is fabricated on the substrate. The alignment marks are positioned away from 

the Au dimer to avoid the cross talk. Using the computer assisted scanning program, 

these alignment marks can help to precisely locate the position of the Au dimer in 

the second step so that the Pd nanoparticle can be placed around the existing Au 

dimer with a well-controlled manner. The overlay resolution can be controlled 

down to sub-5 nm by properly designing the alignment marks and correcting the 

rotational and stage movement errors. Figure 2.9 shows the scanning electron 

microscope image of individual Pd nanoparticles loaded Au dimers, in which a Pd 
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nanoparticle is precisely placed in the gap of the Au dimer antenna, leaving two 

extreme narrow air gaps in between two metals.   

 

Figure 2.9 | Scanning electron microscope image of Au dimer antennas with their 

gaps loaded with individual Pd nanoparticles. The Au dimer shows a brighter 

contrast under scanning electron microscope compared to the Pd nanoaprticle. A Pd 

nanoparticle is precisely loaded to the gap of individual Au dimers using double 

patterning electron beam lithography method.  
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Chapter 3 

Individual Nanoantennas Loaded with 

Three-Dimensional Optical 

Nanocircuits 

3.1. Introduction 

Antennas are essential devices in daily life, providing means of communication 

between the micro and macroworld. Impedance matching between an antenna and 

its feed network is fundamental to establishing an efficient wireless link. At radio 

frequencies, matching is typically achieved by loading the antenna terminals with a 

circuit consisting of suitable combinations of resistors, capacitors and inductors. 

Extending this concept to the optical frequency domain10,75–81 calls for optical 

analogues of these lumped circuit elements.48,82–84 Such a set of circuit elements 

would provide a unique toolkit for designing all-optical wireless links,85 as well as 

for integration of nanophotonic devices in large optical nanocircuit boards.  
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 Even though a significant amount of work has been devoted to the theory of 

optical nanocircuits (dubbed ‘metatronics’)45,46,48,54,55,83,85–87 experimental 

verification has thus far been limited to a two-dimensional geometry,50 i.e., an 

ensemble of parallel rods, and to the mid-IR frequency range. While this geometry 

provides a proof-of-principle demonstration of the circuit theory, it is still far from 

the optical analog of individual, three-dimensional (3D) lumped circuit elements 

that could be freely combined into optical frequency nanocircuits of arbitrary 

complexity. 

Here we present a significant step towards this direction by experimentally 

realizing and demonstrating 3D lumped nanocircuitry at visible wavelengths. To 

prove this concept, we utilize a simple optical antenna platform consisting of an 

individual Au dimer nanoantenna. This specific nanoantenna geometry is of 

particular interest due to its inherently large radiation efficiency and its strong 

tunability.54,55,82,88 Individual antennas are loaded with media of specific geometries 

and dielectric properties, enabling a full control of the loaded nanoantenna by an 

optical nanocircuit.30,46,48,54,55,82,85,89 We demonstrate both series and parallel 

combinations of nanocircuit elements (i.e., resistors, capacitors, and inductors) by 

appropriately loading specific arrangements of dielectric, semiconducting, and 

metallic nanoparticles in the antenna gap. Experimental measurements of the 

individually loaded nanoantennas confirm excellent tunability of the antenna 

impedance, resonance wavelength, filtering, and scattering properties. The 
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experimental results agree well with our analytical predictions based on optical 

circuit theory and full-wave simulations. 

3.2. Experimental Methods 

3.2.1. Device Fabrication 

The devices were fabricated using double patterning electron beam lithography 

method. First, Antenna structures and alignment markers were defined in 

poly(methyl methacrylate) (PMMA) resist using electron beam lithography on a 100 

nm SiO2 coated Si substrate. The substrate was then covered with 1 nm titanium 

adhesion film and 50 nm Au film using electron-beam evaporation followed by a lift-

off procedure. Next, the substrate was coated once more with PMMA resist. 

Computer-controlled alignment at the sub-10 nm level using the Au alignment 

markers was applied to ensure the accurate positioning of the nanoload pattern in 

the antenna gap. Subsequently, the nanoload material was obtained by covering the 

substrate first with 1 nm titanium adhesion film and then the target material using 

electron beam evaporation followed by a lift-off procedure. 

3.2.2. Optical Characterization 

The scattering spectra of individual nanoantennas with different loads were 

collected using dark-field microscopy. The microscope is a Zeiss Axiovert 200 MAT, 

the CCD is a Princeton Instruments Pixis 400 BR, and the spectrograph is an Acton 
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2156i imaging spectrograph. The objective used is a long working distance objective 

with a numerical aperture of 0.55.  

3.2.3. Numerical Simulations 

The full-wave numerical simulations were obtained using a commercial 

implementation of the Finite Element Method (COMSOL Multiphysics). A plane wave 

with electric field linearly polarized along the antenna axis was employed to analyze 

the far-field scattering properties in the loaded and unloaded scenarios. The 

permittivity of SiO2 is taken as 2.09, and the empirical dielectric function of bulk Au 

is used.63 

3.2.4. Input Impedance Calculations 

The intrinsic impedance of the dimer nanoantenna was calculated using a 

retrieval method based on full-wave numerical simulations. It was sufficient to 

conduct one numerical simulation of the nanoantenna driven by a discrete current 

source to retrieve the intrinsic resistance aR  and reactance aX
 as shown in Figure 

3.1b and use them for the loaded antenna cases. The retrieval algorithm is based on 

equations introduced in ref. 54 with  Ra 
r0

1Cair(2x0 Cair (r0
2  x0

2 ) )
 and

Xa 
x0 Cair (r0

2  x0

2 )

1Cair(2x0 Cair (r0
2  x0

2 ) )
. r0  and x0  are the input resistance and reactance 

of the dimer antenna, which is excited by a discrete current source at the empty gap. 

Cair  0S / g  is the capacitance at the empty gap to be de-embedded, S  is the 
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effective area of the capacitor at the gap, and g  is the gap dimension. The fringing 

fields close to the edge of the capacitor are negligible here because the diameter of 

the loaded particle is smaller than the effective width of the gap. 

Our optical dimer nanoantenna consists of two closely spaced Au nanodiscs 

(Figure 3.1a). The diameter and thickness of the Au discs are d = 116 nm and t = 50 

nm, respectively. The gap between the two discs is g = 30 nm. By applying the 

Thévenin theorem to the gap terminals, we can define the effective optical 

impedance of the dimer nanoantenna as Za  Ra  iXa . Figure 3.1b shows the 

antenna resistance Ra  and reactance Xa as a function of wavelength. The curves are 

obtained using a semi-analytical retrieval method54 by de-embedding the inherent 

capacitive effects that arise at the gap. The same dimer nanoantenna is used 

throughout all the following examples. The optical impedance of the dimer 

nanoantenna is an intrinsic value, solely dependent on the antenna geometry and 

the material from which it is fabricated, not on the various materials to be loaded 

into the gap. By properly manipulating the nanoantenna load we may control and 

tune the antenna radiation properties over a broad range of wavelengths, in direct 

analogy to a radio-frequency antenna. 
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Figure 3.1 | Geometry, nanocircuit model, and intrinsic impedance of a dimer 

nanoantenna. (a) Schematic of the unloaded dimer nanoantenna and its 

corresponding circuit model. (b) Intrinsic resistance and reactance of the dimer 

nanoantenna as a function of wavelength. The electric field distribution across the 

unloaded nanoantenna shows the parallel combination of the antenna and its 

capacitive gap. 

When the dimer nanoantenna is excited by light with the incident electric 

field parallel to the dimer axis (see Figure 3.1a), the antenna gap filters the incoming 

signal, operating as a parallel (shunt) combination of the antenna impedance 
aZ  and 

the load impedance at the gap. In order to provide a further insight, we examine the 

field distribution inside and around the dimer gap in the case of the unloaded 
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nanoantenna (Figure 3.1b). For optical circuitry, the E-field component of the 

incident electromagnetic wave is the counterpart of the circuit voltage. The electric 

field changes sign when crossing the dimer antenna terminals, ensuring continuity 

of the displacement currents across the gap and locally satisfying Kirchhoff’s second 

law. The load in the gap therefore contributes an impedance, which is added in 

parallel to the intrinsic impedance of the dimer nanoantenna. The type of the 

complex impedance that the load may possess is determined by the dielectric 

properties of the material at optical frequencies. If the load is a dielectric with Re() 

> 0 at optical frequencies, it provides a capacitive impedance. If the load is a metal 

with Re() < 0 at optical frequencies, it acts as an inductive impedance. The material 

loss of the load Im() can be represented by a resistor element. From these basic 

elements,45,86 complex nanocircuits can be constructed by combining suitably 

designed arrangements of different nanoparticle loads in the gap of the dimer 

nanoantenna.  

3.3. Results and Discussions 

3.3.1. Loading of Nanocapacitors: First Order Nanofilters 

We start by first considering the simple case of a SiO2 nanorod (Re() > 0) 

loaded into the dimer antenna gap (see Figure 3.2a). The dimension of the rod is 

defined by its width, length, and thickness (w  g  t ). Scanning electron microscope 

(SEM) images of the SiO2 loaded antennas with different load widths are shown in 
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Figure 3.2b. The optical response of the single nanoantennas with different loads is 

measured using dark-field microscopy and their scattering spectra are shown in 

Figure 3.2c. It is evident that the load can efficiently manipulate the dimer 

nanoantenna resonance, producing a successive red-shift in wavelength as the 

width of the SiO2 rod increases. The experimental results agree well with the 

predictions obtained from FEM simulations (Figure 3.2d).  

 

Figure 3.2 | Dimer nanoantenna with capacitive loading. (a) Configuration of the 

SiO2 loaded antenna and its corresponding circuit model. (b) SEM images of the SiO2 

loaded antennas. The widths of the SiO2 rods are w= 23 nm, w= 30 nm, w= 50 nm for 

loads 1-3. The antenna gap dimension is g= 30 nm, and the SiO2 loads have the same 

thickness as the Au discs, t= 50 nm. All scale bars in the SEM images are 50 nm. The 

frame colors of the SEM images in panel (b) correspond to the colors of the different 

loads shown in panels (c) to (f): red (load1), green (load 2), and blue (load 3). (c) 

Experimental scattering spectra. (d) Corresponding simulated scattering spectra. (e) 

Calculated input resistances of the loaded nanoantennas as a function of 

wavelength. (f) Calculated intrinsic susceptance of the unloaded nanoantennas 

(black curve) and the susceptances of the loads as a function of wavelength. The 

intersections indicate the open-circuit resonances. (g) Comparison of the resonance 

wavelengths extracted from the experiment, numerical simulation, and the circuit 

model. (h) Calculated capacitance values for loads 1-3.  
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Figure 3.2a shows the equivalent nanocircuit of the SiO2 loaded nanoantenna. 

According to the nanocircuit paradigm, the SiO2 load represents a capacitance, 

which can be simply described by the formula 
wt

C
g

 , where   is the load 

permittivity. The total input impedance at the gap can then be calculated using 

Zin  (iC 
1

Ra  iXa
)1 ,          (3.1) 

Figure 3.2e shows the input resistances (the real part of Zin) as a function of 

wavelength for different cases, as obtained using Equation (3.1) with aZ  extracted 

from Figure 3.1b. A scattering maximum is observed in the spectrum at the open-

circuit resonance of the loaded nanoantenna. At this peak wavelength, the antenna 

exhibits maximum scattering/absorption in its receiving operation and could be 

matched to a suitable feed line or a localized optical source in its transmitting 

operation. According to Equation (3.1), this resonance arises when the intrinsic 

antenna susceptance Im[Z 1

a ]  is compensated by the capacitive susceptance of the 

load C . Figure 3.2f shows these two quantities as a function of wavelength. The 

circles in the figure are used to highlight the wavelength positions where the 

nanoantenna susceptance intersects with the susceptances of different loads, 

demonstrating the tunability of the open-circuit resonance through a capacitive load 

as predicted by our nanocircuit model. By inserting bigger SiO2 nanorods into the 

nanoantenna gap and therefore larger capacitances, the antenna resonance shifts to 

longer wavelengths, consistent with the resonance shifts as shown in Figure 3.2c-e. 
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Figure 3.2g compares the resonance positions extracted from the 

experiment, simulation, and circuit theory for each loaded dimer nanoantenna. 

These three sets of data match very well, confirming that capacitive loading can 

effectively manipulate the antenna resonance, as quantitatively predicted by 

Equation (3.1). The discrepancies between experiment and calculations are partially 

due to imperfections in fabrication, for example, slight size and thickness variations 

through lithography and metal deposition. In addition, the circuit model assumes a 

uniform field distribution in the antenna gap, whereas the edges of the realistic 

structures may introduce fringing field effect. Still, excellent agreement is achieved, 

ensuring that the nanocircuit approach may lead to enormous simplifications in the 

design and operation of loaded nanoantennas. The table in Figure 3.2h displays the 

capacitance values for different loads. These values are extremely low, on the order 

of an attoFarad (10-18 F). This implies that the RC time constant of the nanostructure 

is extremely small. 

Larger capacitance values can be obtained by replacing the SiO2 load medium 

with semiconductor materials of higher dielectrics at optical frequencies, for 

example, CdTeSe@ZnS core/shell quantum dots, to increase the wavelength 

tunability. For the quantum dot loading, we are able to shift the antenna resonance 

over a broader range of wavelengths compared to the case of the dielectric loading. 

The experimental results match very well with the numerical simulations and the 

circuit theory (Figure 3.3g). As an aside, it is worth stressing that this set of 

quantum dot loaded antennas may enable wireless broadcasting and wireless 
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optical links between two points at the nanoscale, in which the quantum dots may 

serve as local emitters.  

 

Figure 3.3 | Dimer nanoantenna with quantum-dot loading. (a) Configuration of the 

CdTeSe@ZnS quantum dot loading and its corresponding circuit model. (b) SEM 

images for the loaded antennas. The diameters of the quantum dot clusters are d= 

24 nm, d= 29 nm, d= 35 nm, and d= 45 nm for loads 1-4. The remaining dimensions 

are consistent with the previous examples with other types of loads. All scale bars in 

the SEM images are 50 nm. (c) Experimental scattering spectra. (d) Corresponding 

simulated scattering spectra. (e) Calculated input resistances of the loaded dimer 

antennas. (f) Intrinsic susceptance of the unloaded nanoantenna (black curve) and 

the susceptances of the loads as a function of wavelength. The intersections indicate 

the open-circuit resonances. (g) Comparison of the resonance wavelengths 

extracted from the experiment, numerical simulation, and the circuit model. 

3.3.2. Loading of Nanoinductors: Second Order Nanofilters 

Significantly more advanced impedance tuning capabilities can be obtained 

by introducing combinations of variable nanocircuit elements. In the following, we 

demonstrate two examples of higher-order filters. When a Au nanoparticle with 
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diameter d is loaded into the nanoantenna gap, the corresponding nanocircuit 

model is an LC series as shown in Figure 3.4a. This represents a second-order 

nanofilter. The Au nanoparticle acts as an optical frequency inductor and the two 

gaps between the Au nanoparticle and the discs of the nanoantenna behave as two 

capacitors. In our experiment, we sequentially increase the diameter of the Au 

nanoparticle until it is in conductive contact with both nanoantenna discs. The 

experimental and simulated scattered spectra are shown in Figure 3.4c and 3.4d, 

respectively. Following the nanocircuit paradigm, the inductance of the loaded Au 

particle can be described by L  ( 2d / 2)1  and the gap capacitances are 

C1  0

wt

g1

, C2  0

wt

g2

, where g1
 and g2

 represent the residual gap sizes between 

the load and the dimer nanoantenna terminals. The total input impedance at the gap 

can then be calculated as 

Zin  ((iL 
1

iC1


1

iC2

)1 
1

Ra  iXa
)1 ,     (3.2)  

Figure 3.4e and 3.4f show the input resistances and susceptances as a 

function of wavelength for different load cases, calculated using the nanocircuit 

theory with the same antenna impedance aZ  extracted from Figure 3.1b and 

Equation (3.2). The capacitances and inductances of the nanocircuit elements are 

provided in Figure 3.4h. The capacitance values for this structure are also very 

small, in the attoFarad range, with the corresponding inductances in femtoHenries 

(10-15 H), ensuring high resonance frequencies in the visible regime (r  (LC)1/2 ) . 
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The presence of metal losses introduces a small imaginary part into the inductance, 

which corresponds to a small series resistance in the circuit model (not illustrated 

in Figure 3.4a). 

In this second-order nanofilter scenario, the circuit load induces more 

complex frequency response, which allows for more flexible control of the antenna 

impedance dispersion and its wavelength-dependent scattering characteristics. In 

particular, we see in Figure 3.4f that the load susceptance can be tailored in a much 

broader fashion to support resonant dispersion and a range of both positive and 

negative reactive values, as a function of the relative weight of inductance and 

capacitance in the series nanocircuit. This enables impedance matching of the 

nanoantenna susceptance in different wavelength windows and provides a variety 

of bandwidths and scattering response as a function of the overall reactance of the 

load. This directly leads to a more variable dispersion of the resonance maximum of 

the open-circuit nanoantenna (Figure 3.4e), which translates into more tunable far-

field scattering response of the loaded nanoantenna (Figure 3.4c and 3.4d). Figure 

3.4g shows that the full-wave simulations and the experimental results follow the 

nanocircuit model predictions extremely well in terms of the open-circuit 

resonance. The resonance position and bandwidth can be broadly tuned by 

changing the filter response of the load.  
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Figure 3.4 | Dimer nanoantenna loaded by a second-order nanofilter. (a) 

Configuration of the Au loaded nanoantenna and its corresponding nanocircuit 

model. Additional capacitances arise from the small gaps between the load and the 

two discs. (b) SEM images of the Au loaded antennas. The diameter of the Au load in 

the gap is d= 20 nm  and d= 28 nm for loads 1 and 2, respectively, and the rod width 

of load 3 is w= 20 nm . The remaining dimensions are consistent with the previous 

examples in Figure 3.2. All scale bars in the SEM images are 50 nm. (c) Experimental 

scattering spectra. (d) Corresponding simulated scattering spectra. (e) Calculated 

input resistances of the loaded nanoantennas as a function of wavelength. (f) 

Intrinsic susceptance of the unloaded nanoantenna (black curve) and the 

susceptances of the loads as a function of wavelength. The intersections indicate the 

open-circuit resonances. (g) Comparison of the resonance wavelengths extracted 

from the experiment, numerical simulation, and the circuit model.  (h) Calculated 

nanocapacitive and nanoinductive values for loads 1-3. 

When the Au nanoparticle completely fills the nanoantenna gap (see load 3), 

the series capacitance is absent (see also Figure 3.4h). In this case, the RL load 

becomes purely inductive and the susceptance curve (see the blue curve in Figure 

3.4d) barely intersects with the nanoantenna susceptance curve. The resonance is 

significantly blue-shifted and decreases in intensity. This effect is associated with a 

much smaller peak in the corresponding input resistance (Figure 3.4e). This may be 
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particularly useful for impedance matching the nanoantenna to lower impedance 

feeds, such as plasmonic wires, and shows the large degree of flexibility offered by a 

higher-order filter. When the metallic load is in direct contact with the nanoantenna 

arms, the electrons in the metal can move across the gap. Even in this extreme 

scenario, the nanocircuit theory holds a very good agreement with the experimental 

and full-wave simulation results (Figure 3.4g).  

In Figure 3.5, we show the electric field distribution for the gold particle 

loaded antenna case (diameter d= 20 nm) obtained by full-wave numerical 

simulations. The simulated field distribution is fully consistent with our circuit 

theory and it confirms the continuity of the displacement currents flowing in the 

three reactive elements in the antenna gap. The strong interaction of the 

electromagnetic fields with the nanoload and its specific polarization ensure the 

accuracy and applicability of our nanocircuit model across the entire wavelength 

range of interest.  
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Figure 3.5 | Field distribution of the nanoantenna with inductive loading. (a) Field 

distribution around the nanoantenna with the gold nanoload. (b) Enlarged view of 

the field across the gap. It shows that the electric field flips the sign across the 

terminals of the nanoantenna and the boundary of the gold nanoload. This is 

consistent with the circuit model. 

3.3.3. Loading of Third Order Nanofilters 

As a final example of the flexibility and potential of this approach, we 

demonstrate a third-order nanofilter. This is realized by using a thinner Au particle 

load than the antenna itself in the gap, which is equivalent to loading the 

nanoantenna with a capacitor (C3) and an inductor (L), simultaneously leaving 

suitable gaps to the nanoantenna terminals, which behave as two additional 

capacitors (C1 and C2) as shown in Figure 3.6a. In this case, the loading in the 

antenna gap corresponds to an LC parallel circuit in series with two additional 

capacitances. The additional parallel capacitance C3 leads to sharper response in the 

impedance dispersion as well as sharper scattering features measured in the far 

a b
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field (Figure 3.6c). The impedance values of this third-order nanofilter are shown in 

Figure 3.6h for different cases. Our experimental and simulated results agree very 

well, again supporting our nanocircuit model (Figure 3.6g). In this scenario, the four 

reactances can cooperatively tailor the open-circuit resonance peak and impedance 

dispersion of the dimer nanoantenna.  

 

Figure 3.6 | Dimer nanoantenna loaded by a third-order nanofilter. (a) 

Configuration of a Au partially loaded nanoantenna and its corresponding circuit 

model. C1 and C2 are obtained by leaving small gaps between the Au load and the 

two discs of the nanoantenna. C3 is obtained by decreasing the thickness of the Au 

load. (b) SEM images of the Au partially loaded antennas. The thickness of the Au 

load in the gap is 30 nm and the diameters of the Au load are d= 22 nm, d= 24 nm, 

and d= 26 nm, and for loads 1-3. The remaining dimensions are consistent with the 

previous examples in Figure 3.2. All scale bars in the SEM images are 50 nm. (c) 

Experimental scattering spectra. (d) Corresponding simulated scattering spectra. (e) 

Calculated input resistances of the loaded nanoantennas as a function of 

wavelength. (f) Intrinsic susceptance of the unloaded nanoantenna (black curve) 

and the susceptances of the loads as a function of wavelength. The intersections 

indicate the open-circuit resonances. (g) Comparison of the resonance wavelengths 

extracted from the experiment, numerical simulation, and the circuit model. (h) 

Calculated nanocapacitive and nanoinductive values for loads 1-3. 
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Continuity of the displacement current is also confirmed in these more 

complex nanocircuits, which ensures the validity of our circuit model. Figure 3.7 

shows the field distributions of the loaded antenna (diameter d=22 nm case) at two 

different cutting planes. As predicted by our nanocircuit model, the electromagnetic 

field within the dielectric region (z = 37.5 nm) should follow a similar distribution as 

that in the dielectric loading (or unloaded) scenario; and the electromagnetic field 

within the metallic region (z = 12.5 nm) should follow what is observed in the 

inductive loading scenario. It proves again that the field distributions verify the 

continuity of the displacement currents across the nanoload, which reinforces that 

even the simple circuit model can accurately describe complicated higher-order 

nanofilters at the nanoscale.  

 

Figure 3.7 | Field distribution of the nanoantenna with parallel loading. (a) 

Enlarged view of the field distribution surrounding the nanoantenna gap within the 

inductive loading region (z=12.5 nm). (b) Enlarged view of the field distribution 

surrounding the nanoantenna gap within the capacitive loading region (z= 37.5 nm). 

a b

x

y
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3.4. Conclusions 

Our work provides an experimental demonstration of the nanocircuit 

paradigm to control and manipulate the optical response of nanoantennas. We have 

experimentally realized various topologies of first-order, second-order, and third-

order 3D nanofilters to tune and match an individual optical nanoantenna. To our 

knowledge, this represents the first realization and verification of 3D optical 

frequency nanocircuits. These results present a blueprint for controlling and tuning 

optical frequency nanophotonic devices using nanocircuits, analogous to turning the 

frequency-tuning knob of a radio. This is remarkably different from antenna tuning 

through other strategies.90 Our concept introduces optical nanoscale circuits based 

on fully three-dimensional lumped elements. We believe that our work paves the 

way to the eventual development of integrated optical frequency circuit boards and 

optical wireless links that bridge on-chip nanoscale optical signals to the far field. 

 

This work has been published under the following citation: 

Liu, N.*; Wen, F.*; Zhao, Y.*; Wang, Y.; Nordlander, P.; Halas, N. J.; Alu, A. Individual 

Nanoantennas Loaded with Three-Dimensional Optical Nanocircuits. Nano Lett. 

2013, 13, 142-147. (*equal contribution) 
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Chapter 4 

Charge Transfer Plasmons: Optical 

Frequency Conductances and Tunable 

Infrared Resonances 

4.1. Introduction 

A nanoscale structure consisting of two metallic nanoparticles separated by a 

small gap is known as a plasmonic “dimer”, which supports hybridized plasmon 

resonances as a result of the capacitive coupling between the plasmon modes of 

each nanoparticle.21,56,91–93 For the bonding dipolar dimer plasmon (BDP), this 

coupling strongly localizes charges at the junction between the two nanoparticles, 

giving rise to large field enhancements that enable a wide range of applications in 

surface-enhanced spectroscopy,3,43 nonlinear optics,4,94 nanocircuits,32,45 molecular 

sensing,1,2,95,96 and optoelectronics. 7,97If the junction between the two nanoparticles 

is made conductive, allowing for direct charge transfer from one nanoparticle to the 
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other across the interparticle gap, the plasmons supported by this structure would 

change profoundly. In this case, the structure will also support an additional, charge 

transfer plasmon (CTP) at energies lower than the hybridized plasmons supported 

by the structure. A key distinguishing feature of the CTP is the oscillating electric 

current through the junction.34,89,98,99 In fact, the appearance of a CTP in the 

spectrum is a characteristic signature of electron transport at optical frequencies, by 

quantum tunneling or a classical conductive path, depending on the type of 

nanostructure. 59,61,100 The onset of conduction characterized by the appearance of 

the CTP indicates a drastic modification in both the near and far field properties of 

the structure, which could have broad applicability in active devices, such as THz 

frequency photonic devices and ultrafast nanoswitches.28,30,31 Theoretical studies 

have shown that the properties of the CTP depend strongly on junction conductance, 

34,99indicating its potential use as a non-perturbative monitor of optical frequency 

conductances in nanoscale junctions. This property also provides a systematic route 

for tuning the CTP frequency in an engineered nanostructure. In previous studies, 

when the CTP mode appears at substantially lower energies than the other plasmon 

modes of the structure, it has been studied indirectly, through the modifications it 

induces in the other plasmon modes of the nanostructure.91,100 Thus far, direct 

experimental studies of the CTP have focused primarily on the quantum tunneling 

or the optical frequency molecular charge transport regime.35,36,60,61 A more 

comprehensive understanding of CTP properties offers two new advances: (1) the 

CTP is a unique tool for studying the electron transport of molecules at optical 
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frequencies that are not accessible electronically, and (2) the CTP provides a new 

route to achieving tunable plasmon resonances well into the infrared region of the 

spectrum. 

Here we report a systematic study of the properties of the CTP in individual 

nanowire-bridged dimer structures, where we control the junction conductance by 

varying the width, length, and material of the bridging nanowire. We find that small 

changes of the junction conductance can induce large shifts in the resonance 

positions and scattering strengths of both the CTP and the BDP modes of the 

structure.  We observe that a dimer bridged by a thin nanowire generates a narrow 

CTP with a resonance in the near-infrared region of the spectrum. By decreasing the 

nanowire width, the spectral response of the CTP can be tuned into the mid-infrared 

region of the spectrum without a significant broadening, and without significantly 

increasing the overall dimension of the structure.  These highly attractive properties 

of CTP resonances will be useful for applications in molecular sensing, or as building 

blocks for new active materials and devices in the mid-IR region of the spectrum. 

4.2. Methods 

4.2.1. Nanoantenna Fabrication 

Au and Al nanostructures were fabricated by electron beam lithography 

using a scanning electron microscope (FEI QUANTA 650). For single-particle 

spectroscopy, Au structures were first defined in PMMA resist spin-coated onto a Si 
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substrate coated with a 100 nm oxide layer, followed by e-beam evaporation of a 2 

nm Ti adhesion layer and 35 nm of Au. The structures were then obtained by 

performing a standard liftoff process in 1-methyl-2-pyrrolidone (NMP). Al 

nanostructures were fabricated on top of the quartz substrate, evaporated a 35 nm 

Al layer under a vacuum of ~2x10-7 torr with no adhesion layer, and immersed in 

acetone for 2 hrs for liftoff. For ensemble optical measurements, Au and Al 

structures were fabricated on a quartz substrate.   

4.2.2. Single Particle Dark Field Spectroscopy 

 The optical response of individual nanostructures was studied by the single-

particle dark-field scattering spectroscopy. Individual Au nanostructures were 

studied by a commercial Zeiss microscope equipped with visible/NIR spectrographs 

and CCD detectors for obtaining the spectrum of each nanostructure over the 

extended range. The UV response of individual Al nanostructures was measured by 

a home-built UV darkfield microscope. A narrow wavelength band from the light 

source (Energetiq LDLS) was selected by the monochromator and directed to the 

sample surface with a 50° incident angle. The scattered signal was collected by a 

15X objective with a NA of 0.28 (Edmund Optics, UV ReflX) and detected by a UV-

enhanced CCD array (Princeton Instruments). The scattering spectrum was 

obtained by collecting the signals from 200 nm to 700 nm excitations with 5 nm 

increments. All the measurements were performed in a dry N2 environment. 
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4.2.3. Fourier Transform Infrared Spectroscopy  

 The optical absorbance spectra of the Au and Al nanostructure arrays were 

measured using Fourier transform infrared (FTIR) spectroscopy with a Bruker 

Vertex 80v spectrometer equipped with a Hyperion 3000 microscope (mercury 

cadmium telluride detector). The polarization dependent measurements were done 

by placing a zinc selenide linear polarizer in the excitation pathway. 

4.2.4. Numerical Simulations 

 The scattering spectra, charge distributions and current density maps were 

simulated by finite difference time domain method (FDTD, Lumerical Solutions). A 

plane wave with E-field linearly polarized along the plasmonic dimer axis was 

employed to analyze the far field and near field properties of the structures. 

4.3. Results and Discussions 

A dimer with a conductive bridge can be considered to be the intermediate 

case between a non-bridged dimer and a nanorod, which can be viewed 

conceptually as a dimer with a completely filled conductive junction. The calculated 

scattering efficiencies and charge plots of the plasmon resonances of an Au dimer, 

an Au dimer connected with a narrow nanowire junction and an Au nanorod are 

shown in Figure 4.1. The diameter of the Au disk is 95 nm and the thickness of the 

structures is 35 nm in all cases. The length and width of the junction nanowire are 

denoted L and W, and are 15 nm and 30 nm, respectively. The plasmon resonances 
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are calculated for the case where the incident E-field is directed parallel to the dimer 

axis. For the dimer, the coupling between the two Au disks results in a hybridized 

BDP mode at ~1.95 eV (i, blue curve). When the dimer is bridged by a narrow 

nanowire (red curve), two resonances appear in the spectrum: a blueshifted BDP at  

~2.1 eV (i, red), and a new low energy resonance at ~0.96 eV (ii, red).  This new 

narrow resonance can be identified definitively as a CTP from the calculated charge 

distribution (i in the middle panel of Figure 4.1b), which indicates an electric 

current oscillating across the junction at a frequency corresponding to the energy of 

this mode. The blueshifting of the BDP, also referred to as the formation of a 

screened BDP (SBDP), is due to the decreased capacitive coupling between the two 

nanodisks when a conductive medium is present, and to the interaction and 

hybridization with the lower energy CTP.101 In the nanorod limit, where the 

conductive gap is completely filled, the dipolar resonance is redshifted to ~ 1.3 eV. 

The fundamental difference between the CTP of narrow wire bridged Au dimer and 

the dipolar mode of Au nanorod can be seen by comparing the current density maps 

of the two structures (Figure 4.2), where a prominent oscillating electric current 

density in the junction of wire-bridged Au dimer is observed, while no such feature 

can be seen in the Au nanorod. 
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Figure 4.1 | Finite difference time domain calculated scattering efficiencies of a 

single Au dimer (blue), a nanowire-bridged Au dimer (red), and a Au nanorod 

(black). (a) FDTD calculated scattering efficiencies of a single Au dimer (blue), a 

nanowire-bridged Au dimer (red), and a Au nanorod (black). The length and the 

width of the nanowire (red inset) are marked L and W respectively. The diameter of 

the disk is 95 nm, the width and the length of junction wire in the junction are 15 

and 30 nm, and the thickness of all structures is 35 nm. The E-field direction is 

oriented along the dimer axis. (b) Charge distributions at the scattering peaks for 

the structures in (a): a dipolar plasmon for the nanorod; capacitively coupled BDP 

resonance (i) and charge transfer plasmon (CTP) resonance (ii) for the nanowire-

bridged dimer; and a CTP resonance for the dimer.  



 46 
 

 

Figure 4.2 | Calculated current density maps of the 15nm width nanowire-bridged 

Au dimer at CTP resonance (a) and the Au nanorod at LSPR resonance (b) in Figure 

4.1. The CTP resonance in wire bridged Au dimer is associated with an oscillating 

electric current across the conductive junction while no such phenomenon is 

observed at the LSPR of the Au nanorod.  

4.3.1. Tuning the Charge Transfer Plasmon by the Wire Width  

Scattering spectra of individual nanowire-bridged Au dimers in the visible 

(500~950 nm, 1.3 ~2.5 eV) and NIR regime (955~1450 nm, 0.85 ~1.3 eV), along 

with the SEM images of the specific nanostructures measured, are shown in Figure 

4.3. For each nanostructure, the spectra were collected in the two relevant 

wavelength regimes using both visible and NIR wavelength CCD detectors. The 

diameter of the disks is 95 nm. The length of the Au nanowire in the junction is kept 

constant at 30 nm while the width is increased from 15 to 60 nm, and the 

corresponding optical responses in the visible and NIR were recorded. For each 

nanostructure, two resonances are clearly observable in the spectrum, with the 

lower energy feature corresponding to the CTP and the higher energy feature 

corresponding to the dipolar plasmon mode. For a dimer with a 15 nm-width 
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junction nanowire (black), the NIR CTP plasmon mode appears at 0.9 eV, and is 

accompanied by a visible dipolar resonance at 1.9 eV. When the width of the 

nanowire is increased further, the junction conductance is increased, and both the 

CTP and dipolar dimer plasmon exhibit a gradual shift to higher energies. The 

amplitude of the resonances also shows a significant dependence on nanowire 

width, where the strength of the CTP progressively increases with increasing 

nanowire width, while the amplitude of the dipolar mode is concurrently reduced. 

When the nanowire width is increased further, to 60 nm (violet), the CTP blueshifts 

to ~1.15 eV and the dipolar mode shifts to 2.2 eV but is now strongly damped. 

Single-particle FDTD calculations of the scattering properties of each structure, 

using the equivalent experimental dark-field geometries, were performed (Figure 

4.3c). The simulation results agree quite well with the resonance energies and 

scattering intensities observed in the experimental measurements. For a 15 nm-

width junction wire (black curve), the CTP and BDP possess linewidths of 0.094 eV 

and 0.333 eV, respectively, corresponding well to the predicted narrower linewidth 

of the CTP in Figure 4.1. (red curve). However, with the increase in nanowire width 

and the concurrent blue shift of CTP to the higher energies, the linewidth of the CTP 
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becomes broader as a result of the increased radiation damping (Figure A.2)

 

Figure 4.3 | Single-particle dark field scattering properties of nanowire-bridged Au 

dimers in the visible and NIR regimes. (a) Experimentally measured optical 

scattering spectra of individual nanowire-bridged Au dimers with a nanowire width 

increasing from 15 nm to 60 nm. The diameter of the disk and the length of the wire 

are kept constant at 95 nm 30 nm, and the width of the wire is increased from 15 

nm (black) to 60 nm (violet). (b) Schematic representation and SEM images 

corresponding to the spectra in (a) of the bridged Au dimer structures. (c) FDTD 

calculations of the scattering spectra of the structures shown in (b) in the NIR and 

visible regimes, respectively. 

We also studied the plasmonic properties of this same series of structures 

fabricated in Aluminum, which we expect to exhibit different CTP and dipolar 

plasmon resonances. Aluminum as a plasmonic medium has attracted increasing 
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interest due to its low cost and ready manufacturability along with its optical 

response in the visible and the UV regime,103 enabling a wide range of potential 

applications. According to the tabulated dielectric functions of the two metals, Al has 

a larger AC conductivity than Au at wavelengths above 500 nm (Figure 2.6) and a 

higher electron density.  It is predicted that for the same size and geometry, an Al 

nanowire-bridged dimer should show a higher CTP energy than an Au nanowire-

bridged dimer. Here we perform similar experiments on Al using the same 

geometries, and capture their optical responses in both the UV and NIR regimes 

(Figure 4.4a). SEM images of the nanostructures are shown in Figure 4.4b. Despite 

the UV dipolar plasmon resonance of the Al dimer, bridging two Al disks with a 

nanowire still generates a new CTP in the near-infrared region of the spectrum. The 

CTP shifts continuously to higher energies, from 1.06 eV to 1.25 eV, when the 

nanowire width is increased from 20 nm (black) to 60 nm (magenta). Unlike the Au 

case, the dipolar plasmon is less damped in the Al structures, and is detectable for 

all Al dimers using a custom-built UV dark-field microscope. The UV dipolar 

plasmon also exhibits a blueshift with increasing junction conductance as well, 

shifting from 3.4 eV for a 20 nm nanowire width to 3.95 eV for a 60 nm nanowire 

width. The amplitude of the CTP resonance is enhanced as the junction conductance 

is increased, while the strength of the dipolar plasmon mode is reduced. These 

results are reproduced well in a series of FDTD simulations (Figure 4.4c), where a 4 

nm oxide layer is assumed to cover the Al structure.  
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Figure 4.4 | Charge Ttransfer Plasmons in nanowire-bridged Al dimers. (a) 

Experimental single-particle dark field scattering spectra of nanowire-bridged Al 

dimers in the NIR and UV regimes. (b) Schematic and SEM images of each structure. 

(c) Corresponding FDTD simulations for each structure.   

4.3.2. Influence of the Junction Conductance  

To better understand the influence of the junction conductance on the CTP, 

we calculated the junction conductance of each structure at CTP resonances in Au 

and Al (Figure 4.3 and 4.4) and plotted the CTP energy as a function of junction 

conductance (Figure 4.5). The conductance is calculated as G()=()WH/L, where 

() is the frequency dependent AC conductivity of the bridging wire and W, H, and 
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L are the width, height, and length of the bridging nanowire. The value of the 

conductance is expressed as G=nG0, where G0 is the unit quantum conductance with 

a value of 77.5 S. The theoretical (solid squares) and experimental (empty 

triangles) conductances are determined using the CTP frequency from FDTD 

simulations and from the experimentally measured CTP resonances, respectively. 

We see that the experimentally obtained conductances match well with the 

theoretical values.  In Figure 4.5a, the junction conductance shows a continuous 

increase with increasing wire width for both Au (black) and Al (red) dimers but 

exhibits a much larger increase for the Al structures. In general, for structures with 

the same dimension of the bridging nanowire, Al structures possess a higher 

junction conductance than Au structures. Unexpectedly, despite a substantially 

larger conductance at fixed wire width (up to 6 times larger), the CTP energy for Al 

structures is only slightly higher than for Au structures and requires a larger change 

of conductance for tuning. To investigate this further, we plotted the CTP as a 

function of junction conductance over a broad conductance range (Figure 4.5b). The 

smaller conductance data points were obtained by performing FDTD simulations of 

structures with narrower nanowire widths than could be achievable by our current 

fabrication approach (2, 5, 10 nm, etc). In addition, we also calculated the 

conductances in mixed-metal, Au nanowire-bridged Al dimers (blue solid squares) 

and Al nanowire-bridged Au dimers (green solid squares) for the same range of 

nanowire widths. In all cases, we see that the CTP shows a very high sensitivity to 

the junction conductance in the small conductance limit, but becomes markedly less 
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sensitive as the conductance increases beyond 50G0. Since the junction 

conductances of our experimentally fabricated Al nanowire-bridged Al dimer, 

shown in Figure 4.4, fall into the large conductance regime, the CTP for these 

structures is relatively insensitive to the junction conductance, resulting in a limited 

CTP tunability for these structures. For both Au and Al structures, the experimental 

data (empty triangles) match well with the theoretically obtained trends for these 

structures (solid squares). 

 

Figure 4.5  | Junction conductance dependence of CTPs in wire bridged Au (Figure 

4.3) and Al dimers (Figure 4.4). (a) Junction conductances of nanowire bridged 

dimers at CTP resonances with varying wire widths in Au (black) and Al (red) 

structures. The solid squares and empty triangles correspond to the conductances 

calculated from FDTD simulations of the CTP frequencies and from experimentally 

measured CTP frequencies, respectively. (b) CTP resonance as a function of the 

junction conductance for wire bridged dimers with varying junction materials. 

For nanowire-bridged dimers of the same dimension, the CTP frequency 

depends primarily on the material of the junction nanowire, and less on the disk 
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material. In both Au nanowire-bridged dimers (black and blue solid squares) and Al 

nanowire-bridged dimers (red and green solid squares), despite the very different 

plasmon wavelengths of the unlinked Au and Al dimers, bridging them with a 

nanowire of the same material results in a very similar dependence of the CTP 

energy on junction conductance. Conversely, for the same dimer bridged with a 

nanowire of either Au or Al with the same junction conductance (obtained by 

manipulating the nanowire geometry), the resulting CTP resonances can be quite 

different. As an example, comparing an Au nanowire-bridged Au dimer (black solid 

squares) to an Al nanowire-bridged Au dimer (green solid squares) with the same 

conductance of 45 G0, the CTP resonances occur at energies of 1.1 eV and 0.85 eV, 

respectively. 

We also investigated how the BDP energies depend on junction conductances 

(Figure A.3). Increasing the nanowire width increases the junction conductance, 

which results in a blueshift of the BDP. Since the values of the conductance are 

comparable for Au and Al structures, the dipolar plasmon shows a similar sensitivity 

to the junction conductance in both cases. The blueshift of the BDP with increasing 

junction wire width and thus junction conductance is further examined in near field 

plots (Figure A.4). With increasing wire width, the E-field is progressively expelled 

from the gap, resulting in a successively weaker coupling of the two disks. As a 

result, the screened dipolar plasmon exhibits a blueshift.  
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4.3.3.  Tuning the Charge Transfer Plasmon by the Wire Length 

The CTP can be tuned from the NIR to the MIR regime quite simply, by 

increasing the junction wire length while keeping the nanowire width narrow and 

thus reducing the junction conductance. SEM images of bridged Au dimers with an 

increasing wire length from 30 nm to 90 nm are shown in Figure 4.6a. The diameter 

of the disk and the width of the wire are 200 nm and 20 nm, respectively, and the 

inter-structure distance is 1 m. The optical response of these structures is collected 

from arrays of the fabricated structure, using an FTIR in transmission mode.  A 

typical SEM image of the arrays is shown in Figure A.5. 

We measured the transmitted signal from the arrays and retrieved the 

absorbance data for each geometry. All spectra were normalized (Figure 4.6b). The 

spectra are plotted from 0.3 eV to 0.8 eV (1.55 m to 4.13 m). A prominent MIR 

CTP resonance is observed for each geometry, showing a continuous red shift to 

lower energies from 0.62 eV to 0.45 eV (1.95 m to 2.75 m) when the length of the 

junction wire is increased from 30 nm to 90 nm. An increase of the junction wire 

length increases the charge transport time, giving rise to a lower CTP resonance 

energy of the structure. This result is reproduced well in a series of FDTD 

simulations, using perioidic boundary conditions  (Figure 4.6c), confirming that the 

MIR resonance of these structures can be tuned by varying the junction 

conductance. We also compared the simulated spectra using periodic boundary 

condition to the calculated single-particle absorption spectra in Figure A.6, where 
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the results show a fairly good agreement between the two, indicating minimal far 

field interference and imhomogeneous broadening effects for the array geometry.  

The junction conductances for nanowire-bridged MIR-resonant structures 

with different nanowire lengths, and their CTP resonance dependence on the 

junction conductance, are shown in Figure 4.6d, where  experimental data (empty 

triangles) show a qualitive agreement with FDTD simulations (solid squares). For a 

fixed nanowire width, the junction conductance is inversely  proportional to 

nanowire length. We performed similar experiments by fixing the nanowire width at 

40 nm and varying the nanowire length (Figure A.7), and fixing the nanowire length 

at 90 nm while increasing the nanowire width (Figure A.8). In each case, the 

junction conductance was calculated (Figure A.9) and the corresponding  CTP 

energy was plotted in Figure 4.6e.  Both the experimental and theoretical data 

follow the same trend. This indicates that the junction conductance, controlled by 

the junction geometry, is the only determining factor for the resonance position of 

the CTP in this regime. In other words, the CTP mode energy would be the same for 

structures with the same junction conductance, even if their dimensions slightly 

differ for this geometry. This simple dependence of the CTP resonance on junction 

conductance provides a direct strategy for the design of nanostructures with 

specific MIR response. The junction conductance for a desired plasmon resonance 

can be directly read out from the plot, offering an effective way to engineer a 

plasmonic system with specifically desired infrared resonant  properties. Similar 

results were also obtained for  Al structures, where a MIR CTP can also be observed 
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for nanowire-bridged dimer geometries, also exhibiting a similar tunability of IR 

resonance with junction conductance (Figure A.10).  

 

Figure 4.6 | MIR Charge Transfer Plasmons. (a) Schematic and SEM images of the 

Au dimers bridged by a 20 nm-width Au nanowire with varying wire lengths. (b) 

FTIR absorbance spectra of dimers with increasing wire lengths from 30 nm to 90 

nm. (c) The corresponding FDTD simulated spectra. (d) The junction conductances 

at CTP resonances (top) and the CTP energy as a function of junction conductance 

(bottom). Increasing the wire length (with fixed wire width) reduces the junction 

conductance and concurrently red shifts the CTP to the low energy. (e) CTP as a 

function of junction conductance obtained at various wire widths and lengths.  
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4.3.4. Tuning the Charge Transfer Plasmon by the Antenna Disk 

As an additional example of CTP tunability, we examine the case of changing 

the diameter of the disks while keeping the junction wire dimensions constant. 

Figure 4.7a shows the CTP dependence of three nanowire-bridged dimer structures 

with 200 nm, 250 nm and 300 nm disk diameters, each bridged by a nanowire with 

a 20 nm width and a 90 nm length. The collected absorbance spectra are shown in 

Figure 4.7b, where the CTP peak exhibits a red shift from 0.455 eV (2.73 m 

wavelength) to 0.37 eV (3.35 m wavelength) with increasing disk diameter. The 

red shift of the CTP resonance can be interpreted in term of the charge transport 

time, which is also closely related to the dimer disk diameter. The increase of the 

disk diameter increases the charges separation distance, resulting in a longer charge 

transport time, lowering the CTP energy. The CTP tunability observed 

experimentally is reproduced well by the FDTD simulations in Figure 4.7c. Similar 

results can also be found for Al structures (Figure A.11) 
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Figure 4.7 | Tuning MIR Charge Transfer Plamons by varying the disk diameter. (a) 

SEM images of Au dimers of varying diameter bridged by a 20 nm-width and 90 nm-

length Au nanowire. (b) FTIR absorbance spectra of antennas with increasing disk 

diameters from 200 nm to 300 nm. (c) The corresponding FDTD simulation spectra.  

4.4. Conclusions 

In conclusion, we have performed a comprehensive experimental and 

theoretical study of the optical properties of nanowire-bridged plasmonic disk 

dimers. These structures are found to exhibit both standard hybridized resonances 

due to the capacitive coupling of the disks and pronounced CTP resonances due to 

the conductive coupling. The energy, intensity, and linewidth of the CTP resonances 

are found to be strongly dependent of the junction conductance, which can alter 

simply by changing its geometry or material composition. We explicitly demonstrate 
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this plasmon tunability from the visible into the mid IR. We find that when tuned 

into the mid-infrared region of the spectrum the CTP resonance has a narrow line 

width, an important property to be exploited in future applications. Our results offer 

an optical platform for measuring the electron transport properties of molecules or 

nanomaterials at optical frequencies, and provide a strategy for engineering near- 

and mid-IR plasmonic substrates for surface enhanced IR spectroscopic and sensing 

applications.   
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Chapter 5 

Elucidating Charge Transfer Plasmons 

in Compositionally Asymmetric Au-Al 

Heterodimers 

5.1. Introduction 

Two metallic nanoparticles can be brought into a close proximity to form a 

plasmonic “dimer” with a small gap.90,91,93,103 Optical properties of the plasmonic 

dimer can be interpreted in terms of hybridization theory,21,56 in which the plasmon 

supported by each particle couples with the other and forms a hybridized plasmon. 

The strong capacitive coupling between two particles localizes the charges into a 

small volume, giving rise to an enormous electromagnetic field that enables a wide 

range of applications.11,28,32,37,58,104–111 Thus far, most studies have been focused on 

the plasmonic homodimer consisting of two identical nanoparticles. Reducing the 

symmetry by varying one of the particle’s size, shape or material with respect to the 
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other gives a plasmonic heterodimer. In this configuration, the symmetry breaking 

relaxes the selection rules and allows for coupling between different states in the 

two particles, giving rise to emergent optical properties, such as the Fano resonance 

and electromagnetically induced transparency.22–24,65,112 Plasmonic heteordimers 

with the composition asymmetry have been studied to a lesser extent, most of which 

have been limited to the capacitive coupling regime where two nanoparticles are 

essentially separated from each other.23,24,65–67,95,96,113–115 The properties of the 

heterodimer change profoundly when the two particles are brought in contact with 

each other. In this scenario, charges acquire a conductive channel and can transfer 

from one particle to the other, modifying the plasmons supported by the two 

nanoparticles. Previous work has shown that when two identical plasmonic 

nanoparticles are bridged with a conductive path, the charge transfer plasmon 

(CTP),24,37 characterized by an oscillating electric current across the junction, arises 

at lower energies than the dipolar plasmon resonance. The CTP is found to 

sensitively depend on the junction conductance, providing an effective way for 

achieving a tunable plasmon in the NIR and MIR regimes and offering a unique tool 

for studying the electron transport of molecules at optical frequencies. Although 

CTPs have been demonstrated in metallically connected plasmonic homodimers, the 

study of conductively coupled compositionally asymmetric heterodimers is not well 

understood. 

Here we report on the investigation of lithographically fabricated plasmonic 

heterostructures consisting of Au and Al nanostructures with distinct optical 
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properties. The Au and Al nanostructures are fabricated in two separate steps and 

are arranged in different configurations. In the case where Al overlaps with Au 

constituent forming a direct metallic contact (Al structure is fabricated in the second 

step), the conductive coupling between the two structures gives rise to a NIR CTP 

plasmon, despite the visible and UV dipolar plasmon nature of the Au and Al 

constituents respectively. The CTP is found to depend sensitively on the area of the 

overlap, as well as the width and position of the conductive junction, as a result of 

the modification of the junction conductance. Reversing the fabrication order to 

have Al structure fabricated firstly, the formation of a thin oxide layer over the Al 

surface prevents the charges from directly transferring between the two metals, 

resulting in distinct optical responses. Instead, the capacitive coupling between Au 

and Al constituents results in a hybridized dipolar plasmon mode and a higher order 

plasmon mode in the visible regime. The CTP in Au-Al heterodimer is also found to 

sensitively depend on the oxide thickness, providing an effective strategy to actively 

tune the CTP to the regime of interest. Our result provides a better understanding of 

the plasmonic behavior in compositionally asymmetric structures and offers an 

insight for applications in molecular sensing or as building blocks for new active 

materials.  

5.2. Methods and Materials 

The Au-Al heterodimers can be arranged in different fashions, as shown in 

Figure 5.1. In the first two configurations (from the front to the back), the Au 
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nanostructure is physically in contact with Al nanostructure, while for the last case, 

the Au nanostructure is separated from the Al constituent by the native Al2O3 layer 

of the Al. To investigate the plasmonic behavior of individual Au-Al heterodimers, 

we fabricated the structures by double patterning electron beam lithography 

method using a scanning electron microscope (FEI QUANTA 650) with Au and Al 

constituents being fabricated in two separate lithography steps. Structures were 

patterned firstly in the PMMA resist spin-coated on the Si substrate coated with 100 

nm oxide layer, followed by electron beam evaporation of 2 nm Ti adhesion layer 

and 35 nm Au or Al film (no adhesion layer is required for Al) under a high vacuum 

condition (2x10-7 torr). Au structures were then revealed by a standard lift off 

process in 1-methyl-2-pyrrolidone (NMP) while Al structures were revealed by 

immersing the substrate in acetone for 2 hrs. As Al forms a native oxide layer upon 

exposure to air, the fabrication order places an important role in determining the 

quality of Au-Al metal contacts. To ensure a good metallic contact between Au-Al, 

the Al constituent has to be fabricated second and deposited over the existed Au 

structure under the high vacuum. After the fabricated heterostructure is exposed to 

the air, the area of the Al that is in contact with Au remains intact while the area that 

is exposed to the air forms a native oxide layer. If the Al constituent were fabricated 

first, the formation of the homogeneous oxide layer would prevent the Au structure 

from a direct contact with Al. The optical responses of individual structures were 

collected by single-particle dark-field scattering spectroscopy using a commercial 

ZEISS microscope equipped with CCDs of different detecting regimes.  
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Figure 5.1 | Schematic illustration of plasmonic heterodimers consisting of the Au 

and Al constituents arranged in different configurations. From the front to the back, 

Au and Al constituents are physically connected with each other in the first two 

configurations and are separated by the oxide layer in the last case. Results and 

Discussions 

5.2.1. Charge Transfer Plasmons in Conductively-Coupled Au-Al 

Heterodimers 

We first investigate plasmonic behaviors of individual Au-Al heterodimers 

composed of an Au nanodisk with a bridge and an Al nanodisk, as shown in Figure 

5.2. The Au structure is fabricated first (Figure 5.2a), followed by the deposition of 

the Al nanodisk in the second step lithography. The placement of the Al nanodisk in 
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the second step ensures a good metallic contact in the Au-Al overlap region (no 

Al2O3 oxide). For the area of Al that is not in contact with Au, a thin native oxide 

layer is formed (not shown in the schematic). Figure 5.2 shows the SEM images of 

as-fabricated Au-Al heterodimers with different configurations, ranging from a 

capacitive coupling of the two constituents separated by a small distance (black) to 

a conductive coupling of the two with an increasing magnitude of overlaps (red to 

green). The diameter of the gold disk and Al disk is 95 nm and 105 nm, respectively, 

and the length and the width of the gold bridge in the junction are 35 nm and 45 nm, 

respectively. The Al disk is designed to be slightly bigger than Au disk in order to 

achieve a comparable scattering intensity of the two. We see that the Au constituent 

exhibits a brighter contrast under the SEM image, which can be clearly distinguished 

from Al structure in each configuration. For the stand alone Au and Al constituents 

with the assigned dimensions, the plasmon resonances of the two are spectrally 

distinct. The Au disk with a bridge shows a dipolar resonance at 780 nm while the Al 

nanodisk shows a UV dipolar resonance at 425 nm (Figure B.1). When the two 

constituents are brought from the noncontact case into the contact case, the 

coupling mechanism undergoes a dramatic change. The scattered signal from each 

configuration was plotted in the visible and NIR regimes in Figure 5.2b. When the Al 

nanodisk is separated from the Au with a 17 nm gap, a resonance peak appears at 

~850 nm in the spectrum (black). When the Al nanodisk is brought in physical in 

contact with the Au disk, the resonance exhibits a large red shift to ~1040 nm (red) 

in the NIR regime. With a gradual increase of the overlap between two metals (blue 
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to green), the NIR resonance peak shows a continuous blue shift to shorter 

wavelengths, all the way to ~720 nm (green curve). For the noncontact case, the 

capacitive coupling of the Au and Al gives rise to a hybridized dipolar plasmon 

mode, which redshifts the pristine Au plasmon resonance. The degree of the 

capacitive coupling is relatively weak due to the mismatch of the Au and Al dipolar 

plasmon resonances. However, when Al nanodisk is in contact with Au, a conductive 

channel is established between the two metals and charges can transfer back and 

forth from Al to Au under light excitation. The bridged Au-Al nanostructure now 

behaves as a new type of plasmonic material and exhibits a CTP in the NIR regime 

despite the UV and the visible plasmon nature of the constituent particles. Further 

increase of the overlap between the two metals shortens the electron transport 

time, increasing the plasmon resonance frequency and thus blueshifting the 

resonance. In this configuration, the two metals act as a new composite material and 

exhibit new plasmonic properties. These optical responses have been reproduced 

very well in the FDTD simulation in Figure 5.2b. We also plot the charge 

distributions at the resonances in the first two geometries, which clearly reveal the 

hybridized dipolar plasmon nature of the resonance (i) in the capacitive coupling 

case (black) and the charge transfer plasmon nature of the resonance (ii, red) in the 

conductive coupling case in Figure 5.2c. The transition from capacitive coupling to 

conductive coupling also induces a dramatic change in the local E-field distribution, 

which can be seen in Figure 5.2d. We see the local E-field hot spot migrates from the 
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gap in the capacitive coupling regime (black) to the outer edges of the two particles 

when the two materials are in conductive contact (red).  

 

Figure 5.2 | Plasmonic behaviors of individual Au-Al heterodimers. (a) Schematic 

illustration of the Au-Al heterodimer fabrication order in which Au constituent is 

fabricated prior to the deposition of Al nanodisk in the second step. (b) Measured 

and simulated optical responses of individual Au-Al heterodimers in the visible and 

NIR regimes and the corresponding SEM images. (c) Charge distributions at the 
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resonances i and ii reveal the dipolar plasmon mode of capacitively coupled Au-Al 

heterodimer (black) and charge transfer plasmon mode of inductively coupled Au-Al 

heterodimer when two constituents physically overlap with each other (red). (d) 

Local E-field distributions at two resonances showing the migration of the local E-

field hot spot from the gap to the edge of two particles when Au and Al 

nanostructures transit from capacitive coupling to conductively coupling. The E-

field is taken in the middle plan (Z=17.5 nm).         

The formation of the CTP can also be realized in Au-Al heterodimers 

arranged in another fashion. To further investigate the CTP, we fabricated the 

heterodimer in a way that an Al dimer is bridged with an Au nanorod. Figure 5.3a 

shows the schematic of fabrication procedure, in which the Au nanorod is fabricated 

first, followed by the placement of the Al dimer in the second step. The SEM images 

and the corresponding optical responses are shown in Figure 5.3b. Two 

heterodimers differ in the junction widths. The diameter of the Al dimer disks is 100 

nm and the gap is 30 nm. The length of the Au nanorod is 140 nm, and the widths 

are 60 nm (black) and 44 nm (red), respectively. For the standalone structures, bare 

Al dimer and Au nanorod possess resonances at 430 nm and 810 nm (in the case of 

a 60 nm width Al nanorod), respectively (Figure B.2). However, when the two 

constituents are placed in contact with each other, a prominent CTP resonance 

appears in the NIR again. The CTP exhibits a redshift from 1060 nm to 1110 nm 

when the junction width is decreased from 60 nm to 44 nm. The redshift of the CTP 

to the longer wavelength with a reduced junction can be interpreted in term of the 

junction conductance, corresponding well to the previous finding and further 

confirming the charge transport activities in two metals. The simulated scattering 
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spectra using experimental geometries show a nice agreement with experiments, as 

shown in Figure 5.3c. The calculated charge distributions in two structures further 

validate the CTP nature of the NIR resonances, in which charges oscillate across the 

Au junction and displace in two Al disks. To further investigate, we calculate the 

optical responses from the structure assuming small air gaps were formed in 

between Au-Al (Figure B.3). We see a scattering dip appear in the spectrum and the 

dip moves to the shorter wavelength when the air gap size increases. In this case, 

the capacitive coupling between the Au nanorod and the Al dimer gives rise to two 

resonances, which differs greatly from our experimental observation.   
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Figure 5.3 | Alternative configuration of Au-Al heterodimers composed of an Au 

nanorod and an Al dimer. The diameter of Al dimer disks is 100 nm and the length of 

the Au wire is 140 nm. The widths of the Au nanorod in two cases are 44 nm and 60 

nm, respectively. (a) Schematic illustration of fabrication order of Au-Al 

heterodimers. The gold nanorod was fabricated prior to the deposition of Al dimer 

to ensure a good metal-metal contact. (b) Scattering spectra and SEM images of Au-

Al heterodimers with 60 nm (black) and 44 nm (red) width Au nanorod. (c) FDTD 

simulations of Au-Al heterodimers scattering spectra (c). Charge distribution at the 

scattering peaks. 
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5.2.2. Plasmon Modes in Capacitively-Coupled Au-Al Heterodimers 

A good metallic contact between Au and Al is crucial for the generation of the 

NIR CTP in Au-Al heterodimer. It is well known that Al forms a native oxide layer 

after exposing to the air. To ensure charges can transfer from Al to Au, Al 

constituent has to be fabricated second to prevent the formation of an oxide in the 

contact area. To make a direct comparison, we perform a control experiment in 

which Al constituent is made first, followed by the deposition of Au structure 

second. Figure 5.4b shows schematics and SEM images of the Au-Al heterodimer 

composed of an Au dimer and an Al nanorod. The length, width, and thickness of the 

Al nanorod are 156 nm, 56 nm and 35 nm, respectively. The diameter and the gap of 

the Al dimer are 100 nm and 30 nm, respectively. After the fabrication and the 

exposure of the Al nanorod to air in the first step, a 4 nm Al2O3 layer forms over the 

surface102, which prevents the Al dimer from a direct contact with Au nanorod 

deposited afterwards and no CTP should be expected in this scenario. The optical 

response of the Au-Al heterodimer is shown in Figure 5.4a. The Al nanorod with the 

oxide layer shows a resonance at ~630 nm (black). In agreement with our 

expectation, the Al nanorod decorated with the Au dimer shows a completely 

different optical response. Instead of a clean NIR resonance as in the previous two 

cases, we see two resonance peaks showing up in the spectrum (blue) with the 

presence of the Al oxide. The spectrum response is reproduced well in our FDTD 

calculations in Figure 5.4c. To identify the origin of the modes, we calculate the 

charge distributions at the resonances i, ii, iii (blue curve) in Figure 5.4d. It clearly 
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shows the capacitive coupling between Au and Al gives rise to a hybridized dipolar 

plasmon iii as a result of the coupling between dipolar plasmon supported by Al 

dimer and Au nanorod respectively. The higher order plasmon modes of Al dimer 

and Au nanorod also couple with each other and give rise to resonance i. We also 

simulate the optical response of the structure assuming no oxide layer formed in 

between Al and Au (Figure B.4), and we find that a prominent NIR CTP appears, 

further confirming that no charge transfer occurs when the Al constituent is 

fabricated first.  

 

Figure 5.4 | Au-Al heterodimers in capactive coupling regime. The Al nanorod is 

exposed to the air prior to the deposition of the gold dimer, resulting a 4 nm native 



 73 
 

oxide layer in between two metals. (a) Measured visible optical responses, (b) 

schematics and the SEM images, and (c) the corresponding FDTD simulations of Au-

Al heterodimers, showing a completely distinct optical responses with the presence 

of Al2O3 layer that prevents the charge transfer between Au-Al. (d) Charge 

distributions at the resonances i, ii, and iii indicated in (c) showing a strong 

capacitive coupling between the Au dimer and Al nanorod. 

The Al oxide layer can be further exploited to actively tune the plasmons in 

Au–Al heterodimers without modifying the dimension of the structures. Figure 5.5 

shows one of the Au-Al heterodimers configurations composed of an Al nanorod 

bridged Au dimer with a controlled Al2O3 thickness. The diameter of the Au disks is 

100 nm, and the length and the width of the junction Al bridged is 30 nm and 60 nm, 

respectively. The thickness of the entire structure is kept constant at 35 nm. The Au 

and Al constituents are physically in contact. Figure 5b,c shows the calculated CTP 

as a function of the junction Al oxide thickness, tuning the resonance of the 

heterodimer from 990 nm with no oxide case to 2.5 µm with the presence of 27.5 

nm oxide layer. With a fixed dimension of the heterodimer, the increase in the Al 

oxide thickness reduces the overall size of the Al component in the junction and thus 

the junction conductance. As the CTP depends sensitively on the junction 

conductance, the change of the oxide layer thickness actively tunes the CTP to the 

spectrum of interest. Experimentally, the oxide thickness could be controlled via 

heating the structures at a high temperature. The entire structure also acts as a 

plasmonic sensor, whereby the plasmon resonance can be precisely correlated with 

the oxide thickness in terms of resonance positions and scattering intensities.  
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Figure 5.5 | Tuning the charge transfer plasmon in Al-Au heterodimer via the oxide 

thickness. (a) Schematics of Au-Al heterodimer with a controllable oxide thickness. 

The diameter of the Au disks is 100 nm, and the width and the length of the junction 

Al are 60 nm and 30 nm, respectively. (b) Simulated scattering spectra of the 

heterodimer with varying oxide thicknesses and (c) resonance of the CTP as a 

function of the oxide thickness, showing an effective tuning of the charge transfer 

plasmon in Au-Al heterostructure without modifying the overall dimension of the 

structures.  

5.3. Conclusions 

In summary, we have systematically studied plasmonic behaviors of Au-Al 

heterodimers arranged in different configurations. In the noncontact case where Au 

and Al nanostructures are separated by a small gap, the capacitive coupling between 

the visible dipolar plasmon mode of the Au constituent and UV dipolar plasmon of 

the Al gives rise to a hybridized visible dipolar plasmon. In the contact case where 

Au and Al constituents are overlapped with each other and that Al constituent is 

fabricated second, a CTP arises in the NIR spectrum as a result of the direct charge 

in between Al and Au. The CTP has shown to depend sensitively on the width, 

position, and the degree of the overlap of the junction bridge, owing to the change of 
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the junction conductance. Reversing the fabrication order to have Al nanorod 

fabricated first results the formation of a homogeneous Al2O3 layer over the Al 

surface, preventing the charge transfer from Al to Au dimer. Instead, capacitive 

coupling between the two constituents gives rise to a hybridized dipolar mode and a 

higher order mode. As the CTP plasmon can be actively tuned via the oxide 

thickness, the Au-Al heterodimer can serve as a plasmonic sensor that precisely 

correlates the oxide thickness with the plasmon resonance.  
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Chapter 6 

Plasmonic Nanoclusters: Near Field 

Properties of the Fano Resonance 

Interrogated with SERS 

6.1. Introduction 

Fano resonances, occurring in many physical systems, are defined by their far 

field optical response, with its characteristic lineshape and reduced extinction cross-

section within a narrow spectral window.  Clusters of plasmonic nanoparticles have 

recently been shown to support strong Fano resonances due to the coupling 

between their superradiant and subradiant plasmon modes.42,73,83,116–126The Fano 

resonance of plasmonic nanostructures is highly sensitive to local changes in their 

dielectric environment, a promising property for the development of ultrasensitive 

nanoscale sensors.38,127,128 Counterintuitively, the reduced light scattering within the 

Fano resonance of plasmonic clusters also corresponds to intense local fields 
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around and within the cluster. These local fields have been predicted theoretically, 

and have recently been imaged for plasmonic clusters with infrared Fano 

resonances.129  

Here we examine the near field properties of individual Fano resonant 

plasmonic clusters in detail, using surface enhanced Raman scattering (SERS), in 

combination with far field optical (dark field microspectroscopy) and nanoscale 

structural characterization (scanning electron microscopy).  The strong variation of 

near field intensities across the finite spectral window of the Fano resonance has a 

direct influence on the SERS enhancements of individual clusters. Based on their 

geometry and resonant properties, the spatially complex near field of Fano resonant 

structures can be calculated using computational electromagnetic methods 

(performed here using the finite-difference time-domain (FDTD) method).  The 

electromagnetic SERS enhancement factor EF= |Eex|2 · |EStokes|2 also shows a complex 

spatial dependence, or a “map” of the SERS response across each plasmonic cluster.  

The SERS maps of plasmonic clusters provide a direct physical picture of the 

number and intensity of the local regions of high SERS enhancements, known as 

“hot spots”, correlating well with experimentally observed SERS intensities.  

Variations in cluster size, interparticle spacing, and cluster geometry, all modify the 

near field properties in ways that can be observed directly by monitoring the SERS 

response. The addition of a single Raman-active carbon nanoparticle at specific 

locations on a plasmonic cluster distorts the spatial distribution of its near field 

quite effectively, depending on the specific position of the nanoparticle: this has 
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important implications for detection of discrete analytes such as large biomolecules 

or viral spores.  Integrating the SERS map over the surface of the cluster provides an 

overall relative enhancement factor for each cluster substrate that agrees well with 

experimental SERS measurements of a para-mercaptoaniline (p-MA) monolayer 

adsorbed on each structure.  The spectral dependence provided by this analysis also 

agrees well with the relative enhancements of the two dominant Stokes modes of 

the adsorbate p-MA molecules.  These observations may provide a first step toward 

the design of SERS substrates tailored to enhance the Stokes modes of specific 

molecules of interest, for tailoring the specificity as well as the sensitivity of 

nanoengineered SERS substrates. 

6.2. Methods and Materials 

6.2.1. Nanocluster Fabrication and Optical Characterization 

The plasmonic clusters studied in this work are composed of 30 nm thick Au 

disks with a 1 nm Ti adhesion layer fabricated on the Si substrate coated with a 100 

nm thick SiO2 layer. The structures were patterned by electron beam lithography 

using FEI Quanta 400 system. The thick SiO2 layer ensures that the refractive index 

of the substrate is similar to a typical glass substrate.  

The scattering spectrum of each cluster was collected using dark-field 

microspectroscopy (a Zeiss Axiovert 200 MAT microscope, a Princeton Instruments 

Pixis 400 BR CCD, and an Acton 2156i imaging spectrograph) with a 50× objective 
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(NA = 0.55). The distance between the clusters is 10 m, to ensure that the signals in 

the Raman and dark-field measurements collected were from an individual 

nanostructure.  

6.2.2. Molecular Functionalization and Carbon Nanoparticle Deposition 

The substrate with Au Fano nanoclusters was immersed in 5 mM p-MA ethanol 

solutions overnight to form a monolayer of molecules on the Au surface. The 

presence of the molecules on the Fano nanocluster red shifts the Fano resonance to 

the longer wavelength, as shown in Figure 6.1. The CNP was deposited onto the Au 

structures via electron beam induced deposition method inside SEM chamber. The 

size of the CNP was controlled by the deposition time. 

 

Figure 6.1 | Optical evidence showing the successful functionalization of p-MA 

molecules on Au nanostructure surfaces.  The scattering spectra were measured 

from the same Fano nanocluster after the functionalization of p-MA (black), 



 80 
 

followed by the oxygen plasma cleaning (red), and refunctionalization with p-MA 

molecules (blue). The Fano nanocluster exhibits a Fano dip at 840 nm after the 

functionalization with molecules, then blue shifts to 772 nm after the removal of the 

molecules via oxygen plasma cleaning, and red shifts back to 840 nm again after 

refuntionalization of p-MA molecules, showing a successful addition of p-MA 

molecules on Au surface via Au-S covalent bond.  

The Raman spectra of p-MA molecules and the CNP were obtained using the 

inVia Raman microscope (Renishaw) with a 785 nm laser and a power of 0.19 mW. 

A 50× objective (NA = 0.75) was used to focus the laser beam into a spot of 

approximately 2 m diameter. 

6.3. Results and Discussions 

6.3.1. SERS from a Monolayer of para-mercaptoaniline Molecules 

6.3.1.1. Influence of Heptamer Size 

Scanning electron microscope images of Au heptamers of three different sizes, 

where the individual disk diameters of fixed heights (30 nm) are increased from 85 

to 170 nm while the interparticle gap distance is kept constant at ~15 nm are shown 

in Figure 6.2a. The optical properties of symmetric plasmonic heptamers have been 

recently studied.38,40 Interference between the bonding bright (superradiant) mode, 

where the dipolar plasmons of all disks oscillate in phase, and the antibonding dark 

(subradiant) mode, where the dipolar moment of the center particle opposes the 

dipole moment of the outer ring, induces a pronounced Fano dip that is highly 
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sensitive to both cluster geometry and dielectric environment. The Fano dip can be 

tuned to different wavelengths by varying the size of the constituent disks. Here we 

observe the same size-dependent resonance tuning, but at the individual cluster 

level: the larger the cluster dimensions, the further the Fano resonance is redshifted.  

For the smallest heptamer (i), the Fano dip is barely observable, and only a 

superradiant mode at 663 nm is present under horizontally polarized light (Figure 

6.2b (i), red). For the intermediate size heptamer (ii), a pronounced Fano resonance 

appears at 771 nm (Figure 6.2b (ii), red). For the largest heptamer (iii), the Fano 

resonance redshifts even further to 865 nm and appears less pronounced than for 

the intermediate size cluster (Figure 6.2b (iii), red).  The heptamers (i-iii) were 

functionalized with p-MA: due to the formation of a strong Au-S covalent bond 

between the cluster surface and the thiol group of a p-MA molecule, a monolayer of 

p-MA molecules self-assembles onto the heptamer surface upon functionalization. 

The heptamers were functionalized with a 5 mM p-MA ethanol solution. After 

functionalization, the Fano resonance of the heptamer shows a clear redshift for all 

sizes (Figure 6.2b).  It is interesting to note that the monolayer of p-MA molecules 

induces different LSPR shifts on these three different clusters: for the intermediate 

size heptamer with the strongest Fano resonance, a 70 nm redshift in the Fano dip is 

induced, due to its pronounced sensitivity to changes in dielectric medium. This 

large LSPR shift is quite dramatic, considering that it is induced by a molecular 

monolayer. It is roughly twice as large as the LSPR shifts observed for the resonance 

peak of cluster (i) (Figure 6.2b (i)) and the weak Fano dip of cluster (iii) (Figure 6.2b 
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(iii)).  We have performed FDTD simulations (Lumerical Solutions, Inc.) of the 

plasmonic response of these clusters using an empirical dielectric function for Au 

and for the supporting substrate.62,63 The calculated scattering spectra of the 

pristine heptamers show consistent agreement with the corresponding 

experimental spectra (Figure 6.2c, red). A 2 nm thick dielectric layer ( = 9) on the 

side and top surfaces of each disk was used to model the p-MA monolayer. The 

resulting spectra agree fairly well with the experimental spectra of the p-MA 

functionalized clusters. 

Surface enhanced Raman spectra of p-MA on the three heptamer clusters, as 

SERS substrates, were obtained with a 785 nm wavelength pump laser. The Raman 

pump laser wavelength (black) and the wavelengths corresponding to the two most 

prominent p-MA Stokes modes at 1080 cm-1 (blue) and 1590 cm-1 (pink) are shown 

superimposed on the spectrum of each substrate (Figure 6.2b,c). The different 

structures represent various degrees of detuning of the Fano resonance, pump laser 

and Stokes wavelengths: for (i), all three wavelengths are detuned from the 

functionalized cluster resonance, for (ii), all three wavelengths are within the Fano 

dip of the functionalized cluster, and for (iii), only the 1590 cm-1 Stokes mode is 

within the Fano dip of the functionalized cluster.  The effect of this detuning on the 

magnitude of the SERS spectrum for each cluster is shown in Figure 6.2d. For the 

intermediate size heptamer (ii), two pronounced Raman bands at 1080 and 1590 

cm-1 are observed, which correspond to C-C bending and C-C stretching modes, 

respectively. These two bands drop significantly for the largest size heptamer (iii) 
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and disappear for the smaller size heptamer (i). The small broad band at 900 – 1000 

cm-1 is from the Si substrate.130,131 Moreover, we have calculated the total near field 

enhancement intensity spectrum, namely, an integration of the EF over the exposed 

surfaces (walls and top surfaces) of the heptamers for each wavelength in the range 

of 500 – 1100 nm (Figure 6.2e). It is found that the Fano dip in the far-field 

scattering spectrum is very close to the maximum in the near field enhancement 

spectrum. Furthermore, it is clear from the SERS spectra of these three heptamer 

substrates that the strongest SERS response corresponds to the cluster substrate 

where the pump and Stokes wavelengths are resonant with the Fano dip. For 

example, although heptamer (iii) has a larger surface area, and therefore a larger 

number of p-MA molecules bound to its surface than clusters (i) and (ii), the SERS 

intensities from this cluster at 1080 and 1590 cm-1 are nominally 5 and 8 times 

smaller than that of heptamer (ii).  
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Figure 6.2 | Far-field scattering spectra, near-field enhancement spectra and SERS 

properties of individual heptamers with varying sizes: (i) 85 nm diameter 

constituent disks; (ii) 130 nm diameter constituent disks; and (iii) 170 nm diameter 

constituent disks. In all structures, the height of the disks is 30 nm and the gaps 

between the disks are ~15 nm. (a) SEM images, (b) experimentally obtained dark-

field scattering spectra, (c) FDTD calculated scattering spectra, and (d) SERS spectra 

of a monolayer of p-MA molecules for the individual heptamers (i – iii) obtained 

with horizontal polarization. (e) Total near field enhancement intensity (|E|2) 

spectra calculated by integrating over all surfaces of the heptamer. (f) Spatial 

distribution of the SERS enhancement (= |EFex|2 · |EFstokes|2) for the p-MA Stokes line 

at 1080 cm-1 for each of the individual heptamers (i – iii). Enhancement evaluated at 

½ the height (left) and 2 nm above the top surface (right) of the cluster. Calculated 

near field enhancement (|E|) spectra at the hot spot (g) 1 and (h) 2 indicated on the 

left side of SERS maps. Dashed lines in (b, c, e, g, h) denote: the excitation laser at 

785 nm (black); the Raman Stokes lines of p-MA at 1080 cm-1 (blue) and 1590 cm-1 

(pink).  These modes are indicated by the blue and pink arrows in d(ii), respectively. 
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To evaluate the SERS response of these cluster substrates, we calculate EF= |Eex|2 

· |EStokes|2, where Eex is the near field at the excitation laser wavelength and EStokes is 

the near field at the wavelength specific to the Stokes mode of interest for the 

molecular analyte. The near field of a heptamer cluster has been previously 

reported, but here we directly evaluate the SERS enhancement factor, the product of 

the two local intensity distributions at two distinct wavelengths characteristic of the 

SERS response for a specific Stokes mode.  The result is a spatial distribution of the 

EF over the heptamer cluster: we refer to this function of the local fields as the 

“SERS map” of the cluster. The SERS maps of heptamers (i-iii) for the 1080 cm-1 

Stokes mode of the p-MA molecules are shown in Figure 6.2f. Here we show the 

SERS maps calculated in two ways: with the local fields evaluated at half the height 

of the structures (15 nm for the 30 nm high disks) on the left, and in a plane 2 nm 

above the top surface of the structure (right). (Although there are slight differences 

between the SERS maps obtained for these two “slices”, we see that the two 

methods of evaluation produce similar spatial distributions of SERS enhancements.)  

From the SERS maps we can clearly see a correlation between the strength of the 

observed SERS signal for each heptamer substrate, and the number and magnitude 

of high EF regions on each structure, commonly known as “hot spots”.  For the 

smallest heptamer (i), two moderate-strength hot spots, located in the gaps between 

the central and side disk, are observed.  For heptamer (ii), with the strongest SERS 

response, we observe hot spots in the same region as with heptamer (i), but of 

greater magnitude, and accompanied by two additional hot spots, again of greater 



 86 
 

magnitude, in the gaps between the top two and bottom two disks of the cluster. For 

heptamer (iii), the magnitude of the hot spots is similar to that of heptamer (ii) but 

only two hot spots, between the top two and bottom two disks, are visible. It is 

interesting to see how the strong local fields, characteristic of the Fano resonance of 

the structure, can contribute explicitly to the SERS response in such a systematic 

manner. Furthermore, we have calculated near field enhancement (|E|) spectra at 

the position of two hot spots (labeled as 1 and 2 on the SERS maps on the left side of 

Figure 6.2g and h) for heptamer (i) – (iii). It is clear to see that the near field 

enhancement at the hot spot is strongly dependent on the wavelength, spatial 

location, and geometry of the heptamer. These observations may guide us in the 

design of SERS substrates with hot spots at specific spatial positions. Additionally, 

by comparing the SERS maps evaluated mid-height and 2 nm above the structure, 

we see that the EF extends above the top of the heptamer and out from the edges of 

the cluster. This indicates that heptamer cluster substrates may be useful for 

detecting larger analytes such as biomolecules132–134 or biological targets, such as 

viral spores, viruses or bacteria. We observe similar spatially dependent effects for 

the heptamer SERS maps for the 1590 cm-1 Stokes mode of the p-MA molecules 

(Figure C.1).   

6.3.1.2. Influence of the Heptamer Interparticle Spacing 

We also studied the effect of interparticle spacing on the scattering spectra 

and SERS response of a heptamer cluster (Figure 6.3).  Figure 6.3a shows the SEM 

images of a heptamer with 130 nm diameter disks, with variations in gap size of 15 
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nm (i), 20 nm (ii), 30 (iii), and 60 nm (iv). Our experimental dark-field scattering 

spectra indicate that the Fano dip of the heptamer (functionalized with p-MA 

molecules) weakens and blueshifts when the gap size is increased, due to the 

decreased coupling between the superradiant and subradiant mode of the cluster 

(Figure 6.3b). The Fano dip appearing at 841 nm for the 15 nm gap heptamer (i) is 

blueshifted to 733 nm when the gap size is enlarged to 60 nm (heptamer (iv)).  

 

Figure 6.3 | Scattering spectra and SERS properties of individual Au heptamers with 

varying gap sizes: (i) ~15 nm, (ii) ~20 nm, (iii) ~30 nm, and (iv) ~60 nm gaps. In all 

cases, the height of the disks is 30 nm and the diameter of the disks is 130 nm. (a) 

SEM images, (b) experimentally obtained dark-field scattering spectra, (c) 

calculated scattering spectra (FDTD), and (d) SERS spectra of a monolayer of p-MA 

molecules on individual heptamers (i – iv) with horizontal incident polarization. 

Black dashed lines in (b, c) show the excitation laser at 785 nm; blue and pink 

dashed lines show the Raman Stokes lines of p-MA molecules at 1080 and 1590 cm-1 

(indicated by the blue, and pink arrows in (d)), respectively. (e) SERS maps for the 

1080 cm-1 Stokes mode of p-MA on heptamers (i – iv) evaluated at ½ the height of 

the structure.    
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The spectral evolution, including the position, blueshift and weakening of the 

Fano resonance in the scattering spectrum with increasing gap size is reproduced in 

the theoretical simulation spectra, incorporating a 2 nm thick dielectric layer ( = 9) 

for the adsorbate monolayer (Figure 6.3c). The corresponding Raman spectra in 

Figure 6.3d clearly show that the Stokes modes that appear at 1080 and 1590 cm-1 

(indicated by blue and pink arrow) reach maximum intensities for the heptamer 

with the smallest, 15 nm gap size (i), decrease dramatically for a slightly larger 20 

nm gap size (ii), and disappear almost entirely for the clusters with larger gap sizes 

of 30 and 60 nm (iii and iv). This nonlinear decrease of the SERS signal with 

increasing gap size can be understood most transparently by examining the SERS 

maps calculated for this series of clusters (Figure 6.3e, also Figure C.2). The SERS 

maps indicate that hot spots are located in the gaps between the central and side 

disk, and between the top/bottom two disks, for horizontally oriented incident 

polarization. When the gap size is increased, the SERS hot spots between the 

top/bottom two disks are the first to diminish, then the hot spots in the gaps 

between the central and side disk.  As with variations in cluster size, variations in 

interparticle spacing within the cluster lead to detuning of the Fano resonance from 

the pump and Stokes wavelengths with a resulting decrease in SERS signal, however 

it is interesting to observe that this detuning, and its effect on the SERS response of 

the cluster substrate, is quite distinct in each case. 
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6.3.2. SERS from A Single Carbon Nanoparticle 

Next we examine how the specific location of a discrete Raman-active analyte 

affects the Fano resonance of a single heptamer substrate, and how its presence 

modifies the SERS map of the cluster (Figure 6.4). The heptamer is composed of 

seven 120 nm diameter disks with a ~20 nm size for all gaps. In this experiment, a 

single carbon nanoparticle (CNP) is the Raman-active analyte, which has been 

demonstrated on single semishells due to the strong near field enhancement.131,135 It 

acts as a discrete near field probe of the cluster via SERS, where its presence also 

perturbs the near field properties of the cluster and its SERS response.  Figure 6.4a 

shows SEM images of a heptamer at different stages of the experiment, before and 

after deposition of a 25 nm size CNP on specific regions of the cluster: (i) before 

deposition, (ii) after deposition of the CNP in the gap between the two top disks, and 

(iii) following removal of the CNP from the gap shown in (ii), and after deposition of 

the CNP in the gap between the central and left disk (Figure 6.4a iii). The CNP was 

deposited by electron-beam-induced deposition (EBID)130,136,137 using a scanning 

electron microscope (FEI Quanta 400) operated at 30 kV with a current of 40 pA in 

the deposition location of choice on the nanostructure. The CNP can be effectively 

removed by treatment with an oxygen plasma, without noticeably modifying the Au 

heptamer geometry or properties. A 5 min oxygen plasma cleaning process 

(Fishione Instruments, Model 1020) operated at 600 watts was sufficient to remove 

a CNP from the cluster before deposition of a subsequent CNP.  
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Figure 6.4 | Spatial dependence of SERS of a single Au heptamer observed by 

placement of a single 25 nm diameter carbon nanoparticle (CNP) on the cluster 

structure. The heptamer consists of seven 120 nm diameter disks with a 30 nm 

height and ~20 nm gap sizes between the disks. (a) SEM images of individual Au 

heptamer (i) prior to CNP deposition, (ii) with a CNP placed in the gap between the 

two top disks, and (iii) with CNP deposited in the gap between the central and left 

disk. (b) Experimentally obtained dark-field scattering spectra, (c) simulated dark 

field scattering spectra (FDTD), and (d) SERS spectra of the CNP on the heptamer in 

each case with horizontal (black) or vertical (red) incident polarization. Black 

dashed lines in (b) and (c) show the excitation laser at 785 nm and blue dashed lines 

show the Raman Stokes line of the CNP at 1350 cm-1, which are indicated by the blue 

arrows in (d). (e) SERS maps of the heptamer, corresponding to the 785 nm pump 

laser and the CNP Stokes mode at 1350 cm-1 of the single heptamer at steps i – iii for 

horizontally (left, black outline) or vertically (right, red outline) polarized pump 

light. White dashed circles in (e) indicate the corresponding locations of the CNPs in 

(a).  

The effect of CNP placement on the dark field scattering spectrum of the 

pristine heptamer can be seen in Figure 6.4b.  Prior to CNP deposition, the 

scattering spectrum of the pristine heptamer possesses a Fano dip located at 713 

nm, when excited by horizontally polarized incident light (Figure 6.4b, i). After 
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deposition of the CNP in the gap between the top two disks, the Fano dip redshifts to 

741 nm and weakens (Figure 6.4b, ii). When the CNP is deposited in the gap 

between the central and left-side disk, the Fano dip becomes broader and redshifts 

further, to 838 nm (Figure 6.4b, iii). It is surprising to observe such a dramatic (125 

nm) optical shift for deposition of the CNP in different gaps of the heptamer. For 

vertically polarized incident light, the presence of the CNP induces only very minor 

shifts in the Fano resonance, from 694 to 715 to 724 nm (Figure 6.4b (i–iii), red 

curves). We can attribute this polarization-dependent response to local effects: for 

horizontal incident polarization, both gaps (ii) and (iii) where the CNP is placed are 

hot spots, while for vertical incident polarization, neither are hot spots. It is also 

important to note that after the heptamer in (Figure 6.4b, ii) was cleaned by oxygen 

plasma, its scattering spectrum reverted to that of the original pristine heptamer 

prior to the first CNP deposition (not shown). 

To obtain more insight into the effect of the position of the CNP and of the 

orientation of incident light polarization on the plasmon response, FDTD 

simulations were performed (Figure 6.4c). An empirical dielectric function for 

carbon was used for the dielectric function of the CNP. The calculated scattering 

spectra agree well with the experimental scattering spectra with respect to the 

overall spectral profile and the position of the Fano dip for the two polarization 

directions. For example, for horizontal incident polarization, the theoretical spectra 

show a Fano dip appearing at 717 nm without the CNP (Figure 6.4c, i), which 

weakens with a rather small spectral redshift after placement of the CNP between 
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the top two disks (Figure 6.4c, ii). The Fano dip redshifts further, to 845 nm, after 

deposition of the CNP in its second location, between the central and the left disk 

(Figure 6.4c, iii). For vertical incident polarization, almost no spectral shift is 

observed.  Such a large perturbation in the heptamer spectrum due to the placement 

of a CNP in the structure can be explained in the framework of the plasmon 

hybridization picture. For horizontally polarized incident light, the deposition of the 

CNP in the gap between the top two disks enhances the plasmon coupling between 

the top two disks, which weakens the antibonding (subradiant) mode, namely, the 

coupling between the collective mode of the outer ring and the central disk. This 

weakens the interference between the subradiant and superradiant mode. In 

contrast, when the CNP is in the gap between the central and left disk, it enhances 

the subradiant mode and consequently leads to a stronger Fano dip at a higher 

wavelength. When incident light is vertically polarized, the plasmon coupling 

between the top two disks or between the central and left disk is too weak to 

influence the Fano dip. However, in the FDTD simulation of this scenario for 

horizontal polarization, we observe that the hot spot intensity at the location of the 

CNP is actually slightly enhanced, corresponding to an increase in SERS signal 

observed. This study shows that deposition of a discrete dielectric analyte onto a 

plasmonic heptamer may or may not dramatically affect its far field, Fano resonant 

response, depending on its location on the cluster and the orientation of incident 

light polarization.  
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The SERS spectrum of the CNP deposited on the heptamer is also a strong 

function of where it is positioned (Figure 6.4d). For the pristine heptamer, no SERS 

modes are observed, and only a Raman signal at 938 nm, due to the Si substrate, 

appears in the range of 800 – 2200 cm-1 for both horizontal and vertical incident 

polarizations (Figure 6.4d, i). When the CNP is deposited in the gap between the top 

two disks, a moderately broad SERS band at 1100 – 1700 cm-1 is observed for 

horizontal incident polarization (Figure 6.4d, ii, black curve). This Raman band 

originates from a mixture of the D band (1100 – 1450 cm-1) and G band (1450 – 

1700 cm-1) of amorphous carbon, originated from the breathing mode of A1g 

symmetry and the atomic displacement of E2g2, respectively.138 This band increases 

in magnitude significantly when the CNP is placed the gap between the central and 

left disk (Figure 6.4d, iii, black curve). With the CNP in this position the Raman band 

is increased by a factor of nominally 6.5 relative to the SERS spectrum obtained 

when the CNP was placed between the two top disks. In addition, no Raman bands 

from the CNP were observable for vertically polarized incident light (Figure 6.4d, i – 

iii, red curves). 

To understand the dependence of the SERS signal on CNP position in the 

heptamer, we first examine the optical scattering spectrum of the cluster without, 

then with, the CNP (Figure 6.4b,c). In these spectra, both the laser excitation 

wavelength of 785 nm and the maximum of the D band at 1350 cm-1 are marked 

(black and blue dashed lines, respectively). Here we see that, for horizontally 

polarized incident light, both the pump and Stokes wavelengths are redshifted with 



 94 
 

respect to the Fano resonance for the pristine heptamer (i) and for the first position 

of the CNP on the structure (ii).  However, for the CNP in its second location, 

between the leftmost and the center particle (iii), the Fano dip is redshifted, and is 

precisely between the laser excitation and the Stokes band.  This spectral overlap 

between the Fano dip, pump laser and Stokes wavelength is consistent with the 

largest SERS signals seen earlier with p-MA monolayer functionalization, for both 

heptamer size (Figure 6.2) and interparticle distance (Figure 6.3).   

The SERS maps of this pristine cluster, and with the CNP present at two 

specific locations, is particularly informative, providing a clear picture of the 

influence of the CNP on the cluster properties, and how it presence can influence the 

SERS response of the system (Figure 6.4e). The SERS maps are calculated for both 

horizontal (left) and vertical (right) incident pump laser polarization.  The SERS 

map of the pristine heptamer (Figure 6.4e, i), corresponding to the artificial case of a 

molecular adsorbate layer of =1 bound to the surface of the cluster, is shown for 

comparison with the two cases of a CNP positioned at a specific location on the 

cluster (Figure 6.4e, ii, iii).  The SERS map of the pristine cluster reveals that, for 

horizontally polarized pump light, there are two strongest hot spots located in the 

two gaps between the central and side disks, and two moderate hot spots 

distributed in the gaps between the top and bottom two disks, respectively (Figure 

6.4e, i, left). For vertical incident polarization, the hot spots appear in entirely 

different locations, at the gaps between the central and top, and central and bottom, 

disks (Figure 6.4e, i, right).  When the CNP is deposited on the structure, we see that 
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the spatial distributions of enhancement are altered significantly (Figure 6.4e, ii, iii). 

When the CNP is between the two top disks, the SERS map shows a decrease in 

intensity at the location of the particle (white dashed circle, Figure 6.4e, ii, left) 

relative to the SERS map of the pristine cluster. In other words, the presence of the 

discrete analyte reduces the SERS response at that specific location, compared to 

what would have been anticipated from the SERS map of the pristine cluster.  When 

the CNP is deposited in the gap between the central and left disk (white dashed 

circle, Figure 6.4e, iii, left) it also reduces the SERS enhancement at that location, 

although in this case the reduction is much weaker, and a stronger SERS spectrum is 

obtained. These observations are consistent with the relative strengths of the SERS 

signals measured for both CNP locations. When the SERS map is spatially integrated 

over the two local regions of CNP deposition for (ii) and (iii), the relative signal 

strength obtained is 7.1, close to the experimental relative signal intensity of 6.5.  

When the polarization of the incident light is vertical, neither location of the CNP 

corresponds to a hot spot: this is consistent with the lack of a SERS signal observed 

for this polarization for either CNP location on the cluster. The observation that the 

presence of a discrete analyte can reduce the SERS enhancement that would 

otherwise be anticipated from a pristine cluster substrate is an important one, and 

should be a prominent consideration when designing SERS substrates for the SERS 

detection of discrete larger size analytes. 
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6.3.3. Prediction of the SERS Enhancement of Specific Stoke modes 

SERS maps of plasmonic Fano resonant clusters also provide a way to predict 

the relative SERS enhancements of specific Stokes lines of a molecular adsorbate. 

Four Au plasmonic oligomer clusters were fabricated; an octamer (i), nonamer (ii), 

decamer (iii), and undecamer (iv) (Figure 6.5a). As can be seen in the SEM images in 

Figure 6.5a, the diameter of the central disk is increased while the diameter of the 

peripheral disks and the gap sizes are kept constant at ~85 and ~15 nm, 

respectively.  By varying the size of the center particle with respect to the ring of 

peripheral particles, the depth of the Fano modulation can be increased, greatly 

reducing the resonant scattering cross section, and also increased in width (Figure 

6.5b). Simulations (FDTD) of the Fano resonances of these oligomers are in very 

good agreement with the experimental dark field scattering spectra (Figure 6.5c).  

From this theoretical model SERS maps of EF can be calculated for these structures, 

as in Figure 6.1f.  Here, however, we integrate the calculated EF over the exposed 

surfaces (walls and top surfaces) of the oligomers in the SERS map for each 

wavelength in the range of 844 – 931 nm. This spectral region corresponds to the 

900 – 2000 cm-1 range in the SERS spectrum of p-MA, obtained with a pump laser 

wavelength of 785 nm. These integrated values are shown in Figure 6.5d, for each 

structure. This calculation predicts that the nonamer (ii) gives rise to the highest 

SERS enhancement and the undecamer (iv) yields the lowest SERS enhancement 

over this spectral range; the octamer (i) has a slightly lower intensity than the 

nonamer in the range of 900 – 1500 cm-1 but decreases to values lower than the 
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decamer in the 1500 – 2000 cm-1 spectral range (Figure 6.5d).  Experimentally, we 

adsorb p-MA onto each structure and obtain a SERS spectrum (Figure 6.5e). In these 

spectra, the dashed lines indicate the two major Stokes modes of p-MA. The relative 

amplitudes of the Stokes modes in the experimental spectra obtained (Figure 6.5e) 

are then compared to the calculated values of SERS enhancement (Figure 6.5d) for 

the two major p-MA Stokes lines at 1080 cm-1 and 1590 cm-1(Figure 6.5f).  In this 

comparison, we see that the relative SERS enhancements for each Stokes mode 

correlate well with the predicted theoretical enhancements, and we also observe 

that the relative peak heights of the 1080 and the 1590 cm-1 Stokes lines, which vary 

depending on oligomer substrate, correlate well with our theoretical analysis. 
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Figure 6.5 | Prediction of the relative SERS enhancements of specific Stokes lines of 

a molecular adsorbate. (a) SEM images of individual Au oligomer clusters: (i) 

octamer, (ii) nonamer, (iii) decamer, and (iv) undecamer. In all structures, the 

peripheral disks are 85 nm in diameter and all gap sizes are ~15 nm, obtained by 

enlarging the central disk diameter to 117 (i), 144 (ii), 178 (iii) and 208 nm (iv), 

respectively. (b) Experimentally obtained dark-field scattering spectra, (c) 

theoretical scattering spectra (FDTD), (d) calculated intensity enhancements of the 

Stokes lines in the range of 844 – 931 nm (indicated in the shaded regions in (b, c), 

corresponding to 900 – 2000 cm-1) obtained by integrating the SERS maps of each 

structure over all surfaces, and (e) SERS spectra of a monolayer of p-MA molecules 
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on individual clusters (i – iv) obtained using horizontally polarized pump light. The 

black dashed lines in (d, e) indicate the Stokes lines of p-MA molecules at 1080 and 

1590 cm-1, respectively. (f) Comparison of the theoretical (black) and experimental 

(red) normalized Raman intensity of the Stokes lines at 1080 and 1590 cm-1 from all 

oligomer clusters (i – iv).      

6.4. Conclusions 

In conclusion, we have investigated the near-field properties of Fano 

resonant plasmonic clusters by examining both their dark field scattering spectra 

and their SERS response.  We have shown that the size, interparticle spacing, the 

presence of a dielectric particle on the cluster, and modifications in the relative size 

of the central and peripheral particles of a cluster all affect the Fano resonance. 

Since the Fano dip is also the spectral region of highest intensity near field in a 

plasmonic cluster, SERS is shown to be an extremely useful experimental probe of 

this structure and its complex near field properties.  The near field is highly spatially 

dependent across the cluster, with several regions of large enhancement, known as 

hot spots, most prominent within the Fano resonance.  This spatial dependence can 

be calculated for each cluster, yielding a specific “SERS map” of the hot spots within 

each structure, dependent on the Stokes modes of interest and the polarization of 

incident light.  Experimental studies of SERS using a self-assembled monolayer of 

the Raman-active molecule p-MA show enhancements that are greatest when the 

pump laser and Stokes mode of interest are resonant with the Fano dip of the 

structure.  For the case of a discrete nanoscale Raman-active analyte, we observe 

that its presence on a cluster substrate can actually significantly decrease the 
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anticipated SERS enhancement, depending on the specific location of the analyte. 

Integrated SERS maps yield wavelength-dependent enhancement factors for each 

specific cluster; comparisons between SERS data for individual clusters and these 

calculated values correlate very well for each cluster, and also explain changes in the 

relative peak heights of the two dominant Stokes modes for a p-MA adsorbed 

monolayer on each specific cluster.  These studies lay the foundation for the design 

of new and highly sensitive nanosensor geometries whose properties may be 

tailored to specific analytes of interest. 
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Chapter 7 

Plasmon Transmutation: Inducing 

New Modes in Nanoclusters by Adding 

Dielectric Nanoparticles 

7.1. Introduction 

Just as molecules are formed by the arrangement of atoms interconnected by 

chemical bonds, plasmonic nanoclusters are formed by the assembly of noble metal 

nanoparticles, and are coupled by local fields induced by illumination. In these 

artificial plasmonic molecules, interparticle coupling can give rise to collective 

hybridized plasmon modes, and also to higher order electric and magnetic plasmon 

modes.23,40,70,73,119,139 Interference between collective plasmon modes gives rise to 

coherent phenomena such as electromagnetically induced transparency (EIT) and 

Fano resonances.38–42,121,122,140–157 Because of their rich and complex optical 
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properties, plasmonic nanoclusters have been the subject of intense recent research 

interest, primarily for their potential use in sensing applications, where their optical 

response is unusually sensitive to small changes in local dielectric 

environment.43,127,128,158,159 The subradiant magnetic plasmon modes observed on 

these structures have also been identified as a means to propagate surface plasmons 

with remarkably low loss.158,160 In sensing, plasmonic nanoclusters with Fano 

resonances are of particular interest, with the Fano dip exhibiting remarkably large 

LSPR shifts due to homogeneous changes in the dielectric environment in which it is 

immersed or embedded. Recently we showed that a single, discrete dielectric 

nanoparticle, when placed on a plasmonic cluster, can also induce significant 

changes in both its near and far field optical response. This effect that may be very 

important when designing sensors for the detection of discrete analytes in the 10-

100 nm size range, such as large biomolecular complexes, bacteria or viruses. 

Here we demonstrate that the addition of individual dielectric nanoparticles at 

specific locations on a plasmonic cluster can introduce entirely new plasmon modes, 

or dramatically modify existing modes, in the resulting metallodielectric 

nanostructure. We show two examples of this effect.  First, the addition of a single 

discrete dielectric nanoparticle to the interparticle gap of an individual plasmonic 

dimer, consisting of two adjacent Au nanodisks, introduces a new quadrupolar 

plasmon mode, in addition to the collective dipolar dimer mode associated with the 

dimer “hot spot”. In a larger, Fano resonant plasmonic cluster consisting of a central 

disk surrounded by a ring of nine adjacent disks, or “decamer”, the deposition of 
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four dielectric nanoparticles at specific interparticle locations gives rise to a near-IR 

collective magnetic plasmon mode. The far field signature of this new mode appears 

as a second minimum in the Fano resonance of the resulting metallodielectric 

complex. These examples not only illustrate the ease with which plasmonic 

properties in these structures can be modified, they also define a new, 

metallodielectric variant of planar plasmonic clusters, where both dielectric and 

metallic nanoscale components together give rise to new optical properties in the 

resulting mixed-media nanostructure. 

7.2. Methods 

Plasmonic dimer and decamer nanoclusters were fabricated by e-beam 

lithography using a Scanning Electron Microscope (SEM, FEI QUANTA 400). The 

nanostructures were defined by e-beam patterning in the positive resist PMMA 

spin-coated onto a Si substrate coated with a 100 nm layer of SiO2. The Au 

structures were fabricated by e-beam evaporation of an initial 1 nm Ti adhesion 

layer, then a 30 nm evaporation of Au onto the substrate, followed by a standard lift-

off process. The thickness of the SiO2 layer was chosen to minimize substrate effects 

on the plasmonic properties of the nanoclusters. The deposition of carbon 

nanoparticles onto the structure was also performed with the same SEM. The 

carbon nanoparticles were deposited individually by electron-beam-induced 

deposition (EBID)131,136,137 with the electron beam operated at 30 kV with a current 

of 40 pA at the deposition location of choice on the nanostructure. An acceleration 
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voltage of 30 KV with a beam spot size of 2.1 nm at a 7 mm working distance was 

used. The process of EBID onto an interparticle region of a single plasmonic 

nanocluster is shown schematically in Figure 7.1 (not to scale). The highly focused 

electron beam dissociates the carbonaceous residues in the SEM chamber into 

nonvolatile carbon, resulting in the deposition of an amorphous carbon nanoparticle 

on the substrate surface. The size of the deposited carbon nanoparticle is controlled 

by the time period of e-beam exposure. The location of the deposited carbon 

nanoparticle can be positioned with high accuracy due to the spatial resolution of 

the SEM. In this study, 25 nm to 35 nm diameter carbon nanoparticles were 

deposited using e-beam irradiation times of 15 s and 25 s, respectively.  
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Figure 7.1 | Schematic illustration of Electron beam induced deposition of a carbon 

nanoparticle at a precise position on a single Au nanocluster. Carbon precursor 

molecules are illustrated schematically, and the carbon nanoparticle is represented 

by the larger black nanosphere on the cluster. Local exposure to the electron beam 

induces the decomposition of the gaseous carbon precursor molecules, resulting in 

the growth of a carbon nanoparticle in the location where the electron beam is 

incident on the cluster.  

7.3. Discussions and Results 

7.3.1. Carbon Nanoparticles Decorated Au Dimer 

We begin by examining the effect of the deposition of a single carbon 

nanoparticle at different locations on an individual Au dimer (Figure 7.2). The dimer 

was composed of two Au disks, 150 nm in diameter, separated by a gap of 15 nm. 
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The disk height was 30 nm. The same dimer was used during the course of this 

experiment, to ensure a high level of consistency in the dimer optical properties. At 

each stage of the experiment, a carbon nanoparticle was deposited onto a specific 

region within the dimer (Figure 7.2a). (All the carbon nanoparticles were ~25 nm, 

indicated by the colored circles in the SEM images in the Figure 7.2) Then, the 

corresponding dark field scattering spectrum of the resulting nanostructure was 

obtained (Figure 7.2b) and compared with numerical simulations of the dark field 

spectrum for the same geometries (Figure 7.2c).  Between the placements of carbon 

nanoparticles 1 and 2, and 2 and 3, an oxygen plasma cleaning (Fischione 

Instruments, Model 1020) was performed to remove the first carbon nanoparticle 

without significantly modifying the optical properties of the plasmonic cluster (data 

not shown). The system was illuminated with unpolarized white light, and both 

horizontally (longitudinal polarization) and vertically (transverse) polarized 

scattering signals were collected.  
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Figure 7.2 | Optical properties of a single Au dimer before and after carbon 

nanoparticle deposition. (a) SEM images of a single Au dimer before and after the 

deposition of carbon nanoparticles (1  4) at different positions. The carbon 

nanoparticles 1-4 are each marked in the image with distinct dashed color circles. 

The scale bar is 100 nm. The diameter and the thickness of the individual nanodisks 

comprising the dimer structure are 150 and 30 nm respectively, with an 

interparticle gap of 15 nm. All experiments shown here were performed on the 

same dimer for consistency. Each carbon nanoparticle is ~25 nm. (b) 

Experimentally obtained dark-field scattering spectra. The system is excited with 

unpolarized white light, and the polarized scattering light is collected. (c) 

Theoretical scattering cross-section spectra, calculated using FDTD. (d) Simulated 

electric field intensity (lg(|E|2)) distribution at resonances (i) and (ii). (e) Simulated 

electric field intensity (lg(|E|2)) distribution at resonances (iii) and (iv). (f) 

Simulated surface charge distributions at resonances (iii) and (iv).   
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With the placement of a carbon nanoparticle on the side of a dimer cluster 

(nanoparticle 1), only a pronounced redshift in the collective dimer mode, the main 

feature in the scattering spectrum, from 770 nm to 800 nm, was observed for 

longitudinal polarization. When carbon nanoparticle 2 was placed asymmetrically 

within the dimer gap, however, a new spectral feature could be observed at 600 nm, 

in addition to an additional redshift of the bonding plasmon mode (to 845 nm). 

Repositioning a carbon nanoparticle more symmetrically in the gap (nanoparticle 3) 

only slightly intensifies this new spectral feature. The addition of a carbon 

nanoparticle on the side of the “loaded” dimer structure (nanoparticle 4) induces an 

addition redshift in the dimer mode (from 870 to 890 nm), and a smaller redshift, of 

nominally 10 nm, of the new spectral feature induced by the deposition of carbon 

nanoparticle 3. This new resonance is not observed for spectra obtained for 

transverse polarization (Figure 7.2b, right). This qualitative behavior correlates well 

with theoretical simulations of these cluster geometries (Figure 7.2c). FDTD 

(Lumerical Solutions, Inc.) simulations were performed using the empirical 

dielectric functions for Au, the supporting substrate, and the carbon 

nanoparticle.62,63 When comparing experimental and theoretical spectra, slightly 

larger spectral shifts were observed experimentally than were theoretically 

obtained: this is due to the accompanying deposition of a thin (1-2 nm) layer of 

carbon over the nanoparticle during carbon nanoparticle growth. Since the 

deposition time is the same for each nanoparticle, the extraneous carbon coating 

also produced is likely to be very similar in each case. 
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Since plasmonic clusters are well known to have resonant lineshapes 

sensitive to their dielectric environment, a local dielectric perturbation will shift the 

scattering spectrum with respect to the pristine nanostructure, with the spectral 

shift being more prominent if this perturbation is in a region of strongly enhanced 

electromagnetic field.38,161,162 The nature of the spectral shift provides valuable 

information regarding the dielectric function of the local perturbation. For example, 

in the case of a plasmonic dimer with a conductive junction, a blueshifted spectrum 

is anticipated, due to the generation of a charge transfer plasmon.34 In these 

experiments we only observe redshifted perturbations in the spectrum, confirming 

that the carbon nanoparticles placed on these nanostructures are localized dielectric 

perturbations. 

The different spectral shifts induced by a single carbon nanoparticle 

positioned at the locations of nanoparticles 1, 2, and 3 on a plasmonic dimer can be 

understood from the local electric field magnitudes at the various positions around 

the nanostructure. In the FDTD simulations for longitudinal polarization (7.2d), we 

see that the field intensity is the strongest in the interparticle gap (nanoparticle 3), 

decreased slightly in the offset gap position (nanoparticle 2) and is the weakest at 

the side of the structure (nanoparticle 1). Figure 7.2d(ii), corresponding to 

transverse polarization, shows why the carbon nanoparticles placed in these three 

regions induced negligible spectral shifts: here the positions of nanoparticles 1, 2 

and 3 are all in regions of virtually no field enhancement.   
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Both the local field (Figure 7.2(e(iii))) and charge distributions (Figure 

7.2(f(iii))) obtained from our FDTD analysis provide insight into the properties of 

the new plasmon mode induced by the presence of the dielectric nanoparticle in the 

gap of the dimer nanostructure.  The charge density plot clearly shows that the new 

spectral feature is a hybridized bonding quadrupolar dimer plasmon mode. For a 

standalone dimer with the present relatively large interparticle spacing, this mode 

cannot be directly excited by light since the dipole moment of the mode is negligible. 

However, when the carbon particle is present, the local field induced by the 

quadrupolar plasmon polarizes the dielectric particle and the system acquires a net 

dipole moment, which renders the mode excitable by light. In contrast, the dipolar, 

bright plasmon mode of the dimer is only slightly influenced by the presence of the 

dielectric nanoparticle in the gap region (Figure 7.2e(iv) and Figure 7.2f(iv)). 

Comparing the local field distribution of these two modes, we also see that the 

presence of the dielectric nanoparticle provides an additional field confinement 

effect in the hot spot for the case of the new, quadrupolar plasmon mode. 

7.3.2. Carbon Nanoparticles Decorated Au Fano Nanocluster  

For plasmonic clusters that exhibit coherent phenomena, the addition of 

dielectric nanoparticles to the nanostructure give rise to more dramatic changes in 

the plasmon modes. To examine this, we deposit four carbon nanoparticles 

sequentially on a Fano resonant decamer nanocluster. This plasmonic nanocluster 

consists of ten disks, with a single central disk surrounded by a ring of nine 

peripheral disks, in close proximity to each other and to the center particle. 
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Coupling between the superradiant plasmon mode (bright mode) and the 

subradiant plasmon mode (dark mode) of this structure gives rise to a single 

pronounced Fano resonance in the scattering spectrum. The diameter of the central 

disk is 178 nm while the diameter of the surrounding disks is 85 nm, insuring a 

constant gap size of ~15 nm between the disks. The height of the structure is kept at 

30 nm. A sequence of carbon nanoparticles was deposited onto specific interparticle 

regions of the cluster, one at a time. Following the deposition of each carbon 

nanoparticle, the scattering spectrum of the modified complex was obtained using 

dark field microspectroscopy. Figure 7.3a shows an SEM image of the decamer 

decorated with the four sequentially deposited carbon nanoparticles. The carbon 

nanoparticles are each indicated by colored dashed circles, with the Arabic 

numerals indicating the deposition sequence. Each carbon nanoparticle deposited 

was ~35 nm in diameter. All measurements in the sequence were performed on the 

same decamer.   
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Figure 7.3 | Scattering spectral evolution of a single Au decamer decorated with 

four sequentially deposited 35 nm carbon nanoparticles. (a) SEM image of a single 

decamer with four 35 nm carbon nanoparticles (1  4) already deposited at four 

different positions on the nanostructure. The carbon nanoparticles are marked 

inside the colored, dashed circles, and enumerated in order of deposition. The scale 

bar is 100 nm. The diameters of the peripheral disks and the central disk are 85 nm 

and 178 nm, respectively. The thickness of the structure is 30 nm. All gap sizes are 

~15 nm. (b) Experimental scattering spectra obtained before (black) and after the 

deposition of each carbon nanoparticle in sequence, showing both horizontal and 

vertically polarized scattered light from the cluster. (c) Corresponding simulated 

(FDTD) scattering cross-section spectra. (d) Simulated surface charge density plots 

for the Au decamer decorated with four ~35 nm carbon nanoparticles at the 

resonances (i), (ii) and (iii), as indicated by arrows in (c). 
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Following the deposition of each nanoparticle, the dark field scattering 

spectrum of the complex was obtained (Figure 7.3b). The black curves indicate the 

scattering spectrum of the pristine Au decamer, with its characteristic strong Fano 

dip located within a broad superradiant resonance profile. For the horizontally 

polarized spectrum (Figure 7.3b, left), the spectral position of the Fano resonance 

shifts towards longer wavelengths with each sequential placement of an additional 

carbon nanoparticle. For vertical polarization, this effect is significantly weaker, 

with larger shifts in the experimental than the simulated spectra, again due to the 

deposition of a nanoscale carbon layer onto the structure during the nanoparticle 

deposition process. 

Primarily, however, we observe that the addition of dielectric nanoparticles 

to the structure induces a new plasmon feature in the spectrum. The first indication 

of the formation of this new state is the appearance of a modulation at 670 nm, near 

the Fano minimum in the scattering spectrum, following the deposition of the first 

dielectric nanoparticle. With the introduction of the second nanoparticle this 

spectral feature becomes more distinct, and increases in prominence still further for 

the deposition of nanoparticles 3 and 4. With the deposition of the fourth dielectric 

nanoparticle, the strength of this spectral modulation becomes comparable to the 

original Fano resonance itself. This feature is observed only in the horizontally 

polarized scattered light. FDTD simulations of the experiment show very good 

agreement with the spectral feature introduced by the dielectric nanoparticles. The 

simulated far field spectrum indicates that the Fano resonance is split into two 



 114 
 

subradiant modes following the deposition of dielectric nanoparticle 1, and that the 

new feature increases in strength as the other three nanoparticles are added to the 

complex.  

Charge density plots obtained at three specific wavelengths (Figure 

7.3(c(i,ii,iii))) for the final metallodielectric complex reveal more of the nature of the 

new subradiant plasmon mode (Figure 7.3(d)).  The first spectral feature (i), at 

~950 nm, corresponds to a charge distribution characteristic of a superradiant 

plasmon mode, that is, where all constituent nanoparticles in the cluster are in 

phase. The spectral feature (ii), at ~860 nm, corresponds to the original Fano 

minimum of the nanocluster, now redshifted in wavelength due to the addition of 

the dielectric nanoparticles. The charge distribution is characteristic of a strong 

Fano resonance, modified slightly by the presence of the dielectric nanoparticles. 

For spectral feature (iii) at ~740 nm, a distinct rotational symmetry of the 

peripheral nanoparticles and a corresponding suppression of the charge oscillation 

in the center particle can clearly be seen. This charge distribution is characterized 

by a displacement current, which circulates in the peripheral nanoparticles. It can 

be identified as a magnetic plasmon mode. In the absence of the carbon particles, 

this mode possesses no net dipole moment and cannot be excited by incident light at 

near-normal incidence. 
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Figure 7.4 | Transmuting the Fano resonance of the Au decamer (0) into a magnetic 

plasmon resonance (4) with the addition of the first (1), second (2), third (3) and 

fourth (4) nanoparticles, as in the experiment. (a) simulated charge distribution. (b) 

Local E component of electromagnetic field. (c) Local H component of 

electromagnetic field at the magnetic resonance indicated in Figure 7.3(c(iii)). 

In Figure 7.4, we examine the “transmutation” of the subradiant plasmon mode 

into the magnetic plasmon mode in greater detail. The placement of the first 

dielectric nanoparticle on the decamer breaks the symmetry of the cluster, 

perturbing the local charge distribution and therefore the local electromagnetic 

field. The charge distribution on the metal nanodisks adjacent to nanoparticle (1) 

begins to lose its dipolar character and acquire a quadrupolar character, similar to 

what was seen in Figure 7.2(f(iii)). This reduces the local E field and increases the 

local H field. This symmetry-breaking also lifts the mode degeneracy seen in the 

optical spectrum, where a new subradiant spectral feature at higher energies 
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relative to the unperturbed Fano minimum can now be observed (Figure 7.3(b,c)). 

The addition of nanoparticle (2) depolarizes one of its two adjacent metal nanodisks 

in an out-of-phase relationship with the depolarized particle induced by 

nanoparticle (1).  At this point, the three nanodisks linked by the two dielectric 

nanoparticles now have a weaker collective dipole, screened by the quadrupolar 

character of the two end nanodisks. Nanoparticle (3) is placed between the nearest 

unlinked peripheral disk and the larger, central disk, which still retains some of its 

strong dipolar character. The placement of this nanoparticle reorients the dipole on 

the peripheral disk, inducing a change in the charge distribution for the chain of 

three nanodisks linked together by nanoparticles (1) and (2).  The dipole of this 

linked chain of nanodisks is flipped, and we see the first indication of the excitation 

of the magnetic plasmon mode.  The presence of nanoparticle (4) increases the 

symmetry of the emergent magnetic plasmon mode, resulting in a more uniform, 

reduced symmetry field distribution and a more uniform charge distribution for the 

peripheral ring of nanodisks. 

7.4. Conclusions 

In summary, we have shown that the plasmonic properties of metallic 

nanoclusters can be substantially modified by the addition of dielectric 

nanoparticles at specific locations on the nanostructure. For a plasmonic dimer, 

deposition of a dielectric nanoparticle in the interparticle gap makes a quadrupolar 

plasmon mode appear in the spectrum. For a plasmonic decamer, a dielectric 
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nanoparticle placed in one of the interparticle gaps results in a similar change in 

local charge distribution as that seen in the simpler dimer structure. However, in 

this case we observe that the sequential deposition of dielectric nanoparticles in 

interparticle gaps gives rise to a collective magnetic plasmon mode in the 

nanocluster, essentially converting the Fano resonance into this new mode. Not only 

does this study reveal a simple but striking way to create and/or convert plasmon 

modes to new modes with different symmetries and properties, it also introduces a 

new family of metallodielectric nanocomplexes obtained by depositing dielectric 

nanoparticles onto prepatterned plasmonic clusters of coupled nanodisks. This 

result is of both practical and fundamental importance. For plasmonic clusters, since 

the strength of the magnetic mode is comparable to that of the Fano resonance, this 

deposition-transmutation technique could have potential application in high-

density digital data storage devices with optical readout. It is highly likely that this 

e-beam nanoparticle deposition method gives rise to other examples of transmuted 

plasmon modes in this new family of coherent metallodielectric nanoclusters. While 

the effects we report have been demonstrated with planar structures fabricated by 

e-beam-based methods, advances in the directed chemical assembly of 2-d and 3-d 

nanoparticle complexes with copolymer-based or DNA-based approaches should 

enable the synthesis of new families of metallodielectric nanocomplexes with 

properties similar to those demonstrated in this work. 

This work has been published under the following citation: 
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Wen, F.*; Ye, J.*; Liu, N.*; Van Dorpe, P.; Nordlander, P.; Halas, N. J. Plasmon 

Transmutation: Inducing New Modes in Nanoclusters by Adding Dielectric 

Nanoparticles. Nano Lett. 2012, 12, 5020–5026. (*equal contribution) 
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Chapter 8 

An Atomically Layered InSe Avalanche 

Photodetector 

8.1. Introduction 

Atomically thin two dimensional (2D) materials have attracted great attention 

during the last decade, and are expected to change the geometries of electronic, 

photonic, and optoelectronic devices.163–165 2D materials show great potential in 

compact, ultra-thin, even flexible photodetector and photovoltaic devices,166–169 

providing a new strategy for integrated electronics with inherently low energy 

consumption. Thus far, three groups of 2D materials have attracted the most 

interest for photodetection applications: graphene,170–174 transition metal 

dichalcogenides (e.g., MoS2 and WS2)175–177 and III-VI layered semiconductors (e.g., 

GaS, GaSe, InSe, GaTe and In2Se3).178–183 An inherent limitation of these materials, 

however, is weak photocurrent generation due to their limited optical absorption 
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cross-sections, so their overall photosensitivity is rather low. This can be enhanced 

by improving the quality of contacts to reduce contact resistance, or by back-gating 

the device. These approaches may improve electron injection into the material from 

the metal contact, and also improve the conductivity of the material in a device 

geometry. The quantum efficiency (QE) of these devices can exceed 100 

%),175,181,182,184,185 however, these high efficiencies are also typically accompanied by 

high levels of dark current (e.g., GaSe ~80 nA, MoS2 several µA, GaTe ~0.3 µA, In2Se3 

~200 pA),102,175,181,184 resulting in poor signal-to-noise ratios (S/N), signal power 

divided by variance induced by noise). Furthermore, most of the device geometries 

that have been reported exhibit long response times, which limit potential 

applications. 

Here we demonstrate a 2D material-based photodetector, based on atomically 

layered InSe that utilizes the avalanche effect to improve photoresponsivity, lower 

dark currents and reduce device response times. The avalanche effect is achieved by 

creating large Schottky barriers between the 2D material and the aluminum 

electrodes, so that a large electrical field can be applied across the InSe sample to 

trigger the avalanche effect before reverse bias breakdown. Also, due to the 

existence of a reverse-biased Schottky barrier, the dark current is dramatically 

reduced. We achieve a 334% external quantum efficiency with an avalanche gain of 

47, a low picoamp level dark current, and a response time of 60 s, all advancing the 

overall performance of the 2D photodetector. When a larger bias is applied, the 

quantum efficiency is further increased to 1110% with an avalanche gain of 152. 
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Aluminum plasmonic nanostructures are fabricated onto the active face of the 

device to increase photocurrent generation even further, through hot electron 

injection and local field enhancement. The quantum efficiency is increased by 800%: 

a dramatic improvement in device performance. 

8.2. Methods and Materials 

8.2.1. Device Fabrication 

InSe atomic layers were exfoliated from a bulk InSe crystal using Scotch tape and 

transferred onto a Si substrate coated with 285 nm SiO2. Al electrodes and Al 

nanodisks were patterned by e-beam lithography using a scanning electron 

microscope (FEI QUANTA 650), followed by e-beam deposition of 35 nm Al in a high 

vacuum chamber (4e-7 torr). Lift off was performed at room temperature using 

acetone, followed by a rinse with isopropyl alcohol and nitrogen drying. The 

scattering spectrum of Al disk array was measured by a dark-field 

microspectroscope. The white light source was focused to the sample by a 50X dark-

field objective with a numerical aperture of 0.55, and the scattered signal was 

directed into the spectrograph (Princeton instruments Acton 2156i) and CCD (Pixis 

400 BR). The spectrum was obtained by dividing the collected signals with the white 

light spectrum after background subtraction.  
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8.2.2. Photoconductivity Measurement 

Photoconductivity measurements were performed on a home-built probe-

station with a 1-inch fused silica optical window for sample illumination and a 

vacuum pressure of 10-5 torr. 543 nm He/Ne laser was focused and injected into an 

acoustic optical modulator (AOM) for laser intensity stabilization, controlling, and 

modulation (for light pulse generation in time resolved measurement). The turn-on 

and turn-off time of the AOM was optimized to be nominally 200 ns. After passing 

through the AOM, the laser output was directed onto the optical window and 

focused onto the sample placed inside the vacuum probe-station, with a spot size of 

0.6 mm in diameter for a uniform illumination. The I-V curves under different 

illumination intensities were measured with a Keithley 2634B dual-channel source-

meter unit (SMU) connected to the probe-station with a tri-axial cable for low-noise 

measurement. Time-resolved measurement data was amplified by a Stanford 

Research Systems (SR570) low-noise current preamplifier with a bandwidth of 200 

KHz, and recorded by a 10 MHz bandwidth Teletronix oscilloscope. For the 

photocurrent spectrum measurement, the device was illuminated at normal 

incidence by a xenon lamp coupled with a Newport Corner Stone monochromator 

for frequency selectivity. At each frequency, photocurrent is amplified by a SRS low-

noise current preamplifier with a bandwidth set at 10 KHz, and recorded by the 

oscilloscope. The bias voltage was fixed at 17 V for photocurrent spectrum 

measurement.  
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8.3. Results and Discussions 

8.3.1. Atomically Layered InSe Avalanche Photodetectors 

The avalanche effect occurs when a large external electrical field is applied to a 

semiconductor to accelerate the charge carriers to sufficiently high energy that they 

can generate additional electron-hole pairs through collision ionization. If 

photogenerated charge carriers are accelerated, the photoresponse can be strongly 

amplified by this multiplication process. Since photocarriers alone provide the 

major current source to trigger the avalanche effect, when no additional noise 

source is introduced, for example, by an external amplifier, S/N values can in 

principle be extremely high under standard device operating conditions.  

Our InSe-based atomically layered avalanche photodetector (APD) is fabricated 

with Aluminum electrodes, forming large Schottky barriers. The large Schottky 

barriers between Al and InSe allow us to apply a large electrical field across the 

device (60 kV/cm), to induce the avalanche effect. As previous reported,19 InSe is a 

good candidate material for photodetectors, having a layered structure (Figure 8.1a, 

b), with an in-plane lattice constant of 0.40 nm and an inter-layer spacing of 0.83 

nm. InSe atomic layers were exfoliated from a bulk InSe crystal using Scotch tape 

and transferred onto SiO2/Si substrates (SiO2 layer is 285 nm). Electrodes were 

patterned using e-beam lithography, followed by e-beam deposition of 35 nm Al and 

lift-off. The width of the Al electrodes is 500 nm, and the channel spacing is 2 µm. 

The schematic of the device configuration is shown in Figure 8.1c and the SEM 
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image of the device under test is shown in Figure 8.1d inset. The APD device consists 

of two Schottky junctions sitting back to back. In the absence of illumination, there is 

always one reverse-biased Schottky junction, which minimizes the dark current. 

When illuminated, electron-hole pairs are generated and separated by an external 

field applied to the device. In this case, electrons can pass through the forward-

biased junction and holes can pass through the reverse-biased junction. The charge 

carriers flow through the external circuit to recombine and generate the 

photocurrent. The high Schottky barriers minimize the dark current and enable the 

application of large biases across the device to trigger avalanche multiplication 

before the breakdown of Schottky junction. Without this large Schottky barrier, the 

application of a large enough bias to achieve avalanche multiplication would not be 

possible. 
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Figure 8.1 | Crystal structure of InSe, schematic representation and breakdown 

analysis of the layered InSe avalanche photodetector. (a) Side view and (b) top view 

of the InSe crystal structure. The spacing between two adjacent layers is 8.4 Å, and 

the lattice constant along the a axis is 4 Å. Each layer has a hexagonal structure with 

D3h symmetry. (c) Schematic of atomically layered InSe avalanche photodetector. 

InSe flake was exfoliated and positioned on a silicon substrate coated with a 285 nm 

thermal oxide layer. This configuration forms two back-to-back Al-InSe Schottky 

diodes. A 543 nm wavelength He/Ne laser was focused onto the device to excite 

carriers. (d) Dark current I-V curve of a layered InSe avalanche photodetector 

(inset) showing distinct current responses at different applied biases. The bias 

voltage is applied all the way up to 70 V for the studied device here. Analysis on the 

avalanche breakdown is shown in the left upper inset.  

The dark current of the device is shown in Figure 8.1d. The dark current 

increases gradually with the bias voltage, saturates at ~12 V, then begins to rise 

SiO2

Al

Si

c

a

b

c

a
In

b

a

b 

Se

d

2.5 3.0 3.5 4.0 4.5

-2.0

-1.5

-1.0

-0.5

0.0

 

 

ln
(1

-1
/M

)

ln(Bias) (ln(V))

n=1.3

Vb=50 V

0 10 20 30 40 50 60 70

10
-3

10
-2

10
-1

10
0

 

 

C
u

rr
e

n
t 

(n
A

)

Bias (V)



 126 
 

dramatically when the bias is further increased. When the bias is below 12 V, the 

reverse-biased Schottky barrier allows a small current to flow, which also saturates 

at 12 V. The current at 12V is defined as the saturation current Isat of the Schottky 

barrier, the maximum current that can pass through the reverse-biased Schottky 

barrier without illumination or any kind of breakdown. When the bias voltage is 

increased to values above 12 V, the charge carriers passing through the InSe-Al 

junction begin to be accelerated to a high energy, which can generate more charge 

carriers by ionization collisions. This current increase is the onset of avalanche 

behavior. The charge carrier multiplication M is defined as 

M 
I

I sat
,             (8.1) 

Where Isat is the current at 12 V and I is the current above 12 V. 

To further confirm the avalanche effect and determine its characteristics in 

this device, we perform a more detailed analysis of the device behavior. According 

to the theoretical model of the avalanche effect, when this behavior occurs, charge 

carrier multiplication M follows this behavior 186 

M 
1

1 (
V

Vb
)n

,            (8.2) 

where n is the index corresponding to the ionization rate and Vb is the critical 

voltage. (Please note the Vb here is only a fitting parameter of equation (2), and it 

does not indicate that the avalanche effect takes place at this value. Instead, 
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avalanche effect occurs far beyond this point.) Equation (2) can be rewritten in a 

linear form: 

ln(1
1

M
)  n  (ln(V ) ln(Vb )) ,          (8.3) 

The current multiplication (M=I/Isat) is plotted using equation (8.3) (Figure 

8.1d, inset), which clearly matches the theoretical model for applied voltages below 

50 V. The linear relationship between ln(1-1/M) and ln(V) clearly substantiates that 

the avalanche effect takes place within the  device for an applied voltage above 12 V. 

This corresponds to an electrical field larger than 60 kV/cm, which we will refer to 

as the threshold field in our analysis. The threshold field is found to be very 

consistent for all the devices. (See Figure D.1 for more electrical characterization 

data gathered on several different devices.) By fitting the inset figure with Equation 

(8.3), n is determined to be 1.3, and Vb is 50 V. When the bias voltage is increased 

above 50 V, the dark current increases even more rapidly, which we attribute to 

reverse bias breakdown. Avalanche effect still continues when the bias is greater 

than 50 V but is accompanied by other effects.  

The dark current behavior suggests that there are three regimes for this 

device. For small bias voltages (<12 V), no avalanche effect occurs. Between 12 V 

and 50 V, avalanche behavior is triggered and charge carrier multiplication occurs. 

Above 50 V, reverse bias breakdown happens and dark current increases 

dramatically. Therefore the optimal device behavior occurs for a range of applied 

bias voltages between 12 V to 50 V.  
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Figure 8.2 | Photoconductivity characteristics of the layered InSe avalanche 

photodetector. (a) Photocurrent spectrum of an atomically layered InSe flake. The 

photocurrent peak at ~510 nm corresponds to the E1’ interband transition in 

layered InSe. (b) Photocurrent response of layered InSe avalanche photodetector 

under different illumination intensities. Photocurrent curve shows a nonlinear 

dependence on the bias voltage. (c) Power dependent photoresponse of the layered 

InSe avalanche photodetector at a 30 V and 50 V biases. The device shows a linear 

response in the power range from 0 to 30 mW/cm2 at a 30 V bias. The photocurrent 

response starts to deviate from linear increase trend when the bias is increased to 

50 V. (d) Time resolved photocurrent response shows a decay time constant of 60 

µs of the photodetector under a 26.5 mW/cm2 illumination intensity and a 50 V bias 

voltage.  

The photocurrent spectrum of layered InSe is shown in Figure 8.2a, which 

clearly exhibits a peak at 510 nm, corresponding to the E1’ transition in few-layered 
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InSe. An SEM image of the device is shown in Figure 8.1d lower inset. We observe 

that the photocurrent response is also extended to red and near infrared 

wavelengths when the device is patterned with Al electrodes, as shown in the 

shaded area in Figure 8.2a: the photoresponse is stronger in the 650-750 nm range 

in comparison with a previously reported study using gold electrodes.180 (In the 

following discussion of Al plasmonic enhanced devices, this phenomenon becomes 

more prominent.) This effect is attributed to photoexcited electron emission over 

the Schottky barrier from the Fermi energy of the metal. The Schottky contact 

between the Al metal electrode and InSe can contribute to the photoresponse of the 

device: from the device behavior, the Schottky barrier height is determined to be 

nominally 1.54 eV (Figure D.2). The photoresponse of the device is shown in Figure 

8.2b, which was measured in the dark and under illumination by a 543 nm He/Ne 

laser with intensities of 8.8 mW/cm2 (green circles) and 26.5 mW/cm2 (red circles). 

We find that the dark current (black circles) does not increase significantly as a 

function of bias voltage until 50 V; this is due to the presence of the reverse-biased 

Schottky junction that effectively minimizes the dark current to the picoamp level. 

When the bias is beyond 50 V, the dark current increases dramatically to the 

nanoamp level as a result of the reverse bias breakdown. Operation of the APD in 

this voltage range (above 50 V in our case) is not recommended, since the large dark 

current would greatly reduce the S/N ratio. Also under large bias voltages the 

current changes significantly with small changes in bias voltage (i.e. the dark current 

in this region is not stable and the device generates substantial noise). Just as with 
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the dark current, the photocurrent also shows a distinct response under different 

bias voltages: Below 5 V, the photocurrent increases quickly with the applied bias, 

and starts to saturate till 12V (Figure 8.2b inset); then increases dramatically 

between 12-50V (region II) due to the avalanche effect. With a 50 V bias and 8.8 

mW/cm2 illumination intensity, the quantum efficiency is determined to be 344%, 

(refer to supporting information for detailed calculation process.) corresponding to 

an avalanche gain of 47. Above 50 V bias (region III), the quantum efficiency can 

reach 1110% with a gain of 152. The avalanche gain saturates when we increase the 

illumination intensity further to 26.5 mW/cm2, when the quantum efficiency drops 

to 290% with an avalanche gain of 24. We also studied the photocurrent response as 

a function of illumination intensity at different biases (Figure 8.2c). At a 30 V bias, 

the photoresponse is linear with illumination intensity. The linear dynamic range (= 

20 log (Iph/Idk)) is larger than 103 dB. However, at a 50 V bias, the photoresponse 

starts to saturate after 20 mW/cm2 illumination, and the linear dynamic range is 

reduced to ~70 dB. These results show that our 2D layered APD is more efficient in 

detecting low-level signals, a typical feature of avalanche photodetectors.  

Besides its high gain, a faster response time is another advantage our APD 

has over other 2D photodetectors that use other multiplication methods, such as 

back gating. To date, numerous photodetectors have exploited back gating to 

improve quantum efficiencies, largely attributed to the presence of high densities of 

trap states to recombine the electrons and holes and thus increase the internal 

gain.187 Although the QE of the device is greatly increased, the response time of the 
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device is largely compromised by that approach to the level of milliseconds and 

even seconds.175,181 We performed time-resolved measurements on our APD (Figure 

8.2d), obtaining a response time of 60 µs. This is faster than most reported 2D based 

photodetectors.175,181  

To direct compare our 2D APD to back-gated devices, we measured the 

photocurrent response of layered InSe with Al electrodes as a function of the gate 

voltage in Figure 8.3. The bias voltage is kept at 10 V. We can see that back gating 

amplifies the photocurrent to the level of few nA but is also accompanied with a 

large dark current and a slow response time. With a positive gate, the InSe channel 

goes to ON state and the photodetector can be treated as a field effect transistor. The 

populated electrons (InSe is a n-type semiconductor) increase the conductivity of 

the InSe channel, resulting in the increase of the dark current goes up. With a 24.6 

mW/cm2 illumination intensity and a 30 V gate voltage, the photocurrent is 4 nA but 

the dark current reaches 2.5 nA, giving rise to an on/off less than 2 (Figure 8.3a). As 

a striking contract, with the same illumination intensity and same photoresponse 

level, the dark current in our InSe APD is only limited to ~80 pA, giving rise to an 

on/off ratio about 30 times higher in APD case. Besides a high dark current under 

gating, we find that the response time with back gating is significantly increased to 

4.2 ms, a response about 2 orders of magnitude longer than the InSe APD without 

back gating (Figure 8.3b). Because of the large gate voltage, trap states are formed 

between dielectric layer and InSe layers, and these trap states can keep charge 
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carriers from recombining. This effect gives a large photocurrent but a long charge 

carrier life-time and a slower response time.  

 

Figure 8.3 | Photoresponse characteristics of atomically layered InSe photodetector 

with back gating. As a direct comparison with our avalanche photodetector, gate 

voltage is applied to InSe based photodetector for signal gain. (a) Dark current and 

photocurrent as a function of gate voltage. (b) Time resolved measurement of gated 

InSe photodetector shows a response time of 4.2 ms (green fitting line), which is 

significantly longer than InSe APD.  

With the measured response speed and dark current, it is possible to 

calculate the S/N of the device. The dark current determines the noise level, which 

can be expressed as  2  2e Id  BW M 2  and the signal-to-noise ratio is 

expressed as 
S
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I 2
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 2
, 

Where  is charge of electron,  Id   is dark current,  BW   is bandwidth (since 

the response time is 60 µs, it is reasonable to set it to 16 kHz), and M is the 
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avalanche photodetector gain. Under a 26.5 mW/cm2 illumination, the S/N is 60 dB 

at 30 V bias, and 46 dB at 50 V bias. If the bias is further increased to 70 V in the 

reverse bias breakdown voltage region, the S/N drops to 35 dB as a result of the 

dramatically larger dark current and a higher gain. In contrast, the gated device with 

a similar photoresponse level gives a S/N of 27 dB. 

All these effects are due to the Schottky barrier that is formed between the 

InSe and Al, which allows us to minimize the dark current and realize avalanche-

based carrier multiplication. To make a direct comparison, we also performed the 

experiments on layered InSe patterned with Ti/Au electrodes, forming a smaller 

Schottky barrier between layered InSe and the Au electrodes. The results are shown 

in Figure 8.4. The dark current increases dramatically when the bias voltage is 

greater than 15 V, indicating a Schottky barrier breakdown after 15 V. The 

breakdown voltage here is significantly lower than the device patterned with Al 

electrodes (50 V). The phenomenon is clearer when the dark current is plotted on 

logarithm scale, as shown in the inset. The dark current here increases faster with 

bias, showing no obvious turning-on feature. The response of the dark current 

indicates that the Schottky barrier height between layered InSe and Ti/Au is small. 

With a much lower Schottky barrier height, the photocurrent response shows the 

device performance with Ti/Au electrodes is incomparable to our InSe APD 

patterned with Al electrodes. The dark current arises dramatically after 15 V bias, 

indicating a Schottky barrier breakdown in this region. The QE at 15 V bias is 16% 

and the response time is 0.27 ms.  
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Figure 8.4 | Photoresponse characteristics of an atomically layered InS 

photodetector with Ti/Au electrodes. (a) Dark current and photoresponse of a 

layered InSe photodetector patterned with Ti/Au electrodes. (b) The time resolved 

measurement on InSe photodetector with Ti/Au electrodes giving a time constant of 

270 µs, which is much longer than the response time of InSe APD. 

Based on the above discussion, a clearer physical picture can be established 

for each of the operating voltage ranges (Figure 8.5). When a small bias (<12 V) is 

applied to the device (Figure 8.5a, region I), the photocurrent is very low. In this 

region, the external field is not strong enough for carriers to the trigger avalanche 

effect, in other words, the InSe APD operates just as an ordinary photodetector in 

this region. As the external field increases, the rate of electron-hole pair separation 

and transport become faster and the QE increases until all the photogenerated 

charge carriers contribute to photoconductivity before recombination, and 

consequently, saturation occurs.  
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Figure 8.5 | Working principle of the layered InSe avalanche photodetector at the 

different applied biases shown in Figure 8.2b. When the voltage is applied to the Al 

electrodes, one Schottky diode is forward biased (left), while the other is reverse 

biased (right). (a) In region I with a bias lower than 12 V, the forward-biased 

Schottky barrier is compensated by the electrical field applied by the bias voltage so 

that electrons can pass through the barrier freely and be collected by the electrode. 

Meanwhile, photogenerated holes are driven to the reverse-biased electrode. In this 

case, photocurrent is generated. (b) When the bias is increased beyond 12 V (region 

II, from 12 V to 50 V), the external electrical field exerted on the InSe layers is so 

large that the photoexcited electrons are accelerated to a high energy. This will 

generate additional electron-hole pairs by carrier multiplication, i.e. the avalanche 

effect. (c) When the bias is larger than 50 V (region III), the reverse biased Schottky 

barrier becomes thinner, where the possibility of quantum tunneling increases 

dramatically. 

When the electric field is increased further, carrier multiplication due to the 

avalanche effect can be observed (Figure 8.5b, region II). Photocurrent shows a 

rapid increase with the applied bias. The higher the electrical field, the more carrier 

multiplication occurs and higher gain values can be achieved. When the electrical 

field reaches the maximum for the device, the reverse-biased Schottky barrier 

undergoes breakdown (Figure 8.5c, region III). If the bias is increased beyond this 
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point (~50 V or higher), both dark current and photocurrent increase dramatically. 

However, S/N suffers due to the high dark current. The best operating range for this 

device is between 30 V and 50 V.  

8.3.2. Plasmon Enhanced Layered InSe Avalanche Photodetectors 

The avalanche effect allows us to utilize the photoelectrons more effectively, but 

the number of photogenerated carriers is not increased. The device performance 

can be improved even further by generating more photoelectrons. One limitation is 

the low light absorption due to the limited thickness of the 2D layer. Plasmonic 

nanostructures patterned onto the active InSe face of the device can be used to 

enhance light absorption.27 Recent work has demonstrated that Al is an outstanding 

plasmonic material in the UV and visible regions of the spectrum,28 which 

corresponds well to the photoresponsivity spectrum of layered InSe.  
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Figure 8.6 | Al nanodisk plasmon-enhanced InSe avalanche photodetector. (a) 

Schematic of InSe avalanche photodetector patterned with an array of Al nanodisks. 

(b) Scanning electron microscope images of the InSe device showing regions with 

and without Al nanodisks. The diameter of Al disks is ~150 nm and the particles 

center-to-center distance is 450 nm. Three devices were fabricated simultaneously 

on the same InSe flake: the one on the left is patterned with Al nanodisks while the 
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two devices one the right are without Al nanodisks. (c) Photocurrent spectra of InSe 

(blue), InSe decorated with Al nanodisks (red), and the dark-field scattering 

spectrum of the Al nanodisk arrays (green). The Al nanodisk arrays were designed 

to be resonant with E1’ transition in InSe flake (~510 nm). (d) Photocurrent 

response of InSe device with (red hollow circle) and without (blue hollow circle) Al 

nanodisks at different laser intensities. The solid black square is the measured dark 

current. A substantial photocurrent enhancement can be observed for the device 

decorated with the Al nanodisks. (e) Photoresponse of the device patterned with an 

Al nanodisks array as a function of laser illumination intensity at a 5V, 15 V and 30 V 

bias voltages. (f) Time response of the Al plasmon-enhanced InSe avalanche 

photodetector where two time constants, t1= 87 µs and t2= 10 ms, can be observed.  

Plasmonic Al disk nanoantennas were fabricated onto our device for absorption 

enhancement. A schematic of the patterned device is shown in Figure 8.6a, and the 

SEM image of the fabricated device is shown in Figure 8.6b. The Al electrodes and 

nanodisks were patterned using e-beam lithography, followed by electron beam 

evaporation of Al and lift off. The aluminum disks are 150 nm in diameter with a 

thickness of 35 nm and a center-to-center distance of 450 nm. The scattering 

spectrum of the Al nanodisk array (green dashed curve) and the photoresponse 

spectra of InSe with (red curve) and without the presence of the Al nanodisks (blue 

curve) are shown in Figure 8.6c. The scattering peak of Al nanodisks with these 

dimensions overlaps with the peak of the photoresponse spectrum of layered InSe 

(~510 nm), and the photoresponse in this wavelength region is enhanced. In 

addition, the device photoresponse in the 650 to 750 nm range is also significantly 

enhanced by the presence of the nanodisks. This can be attributed to electron 

emission from the Fermi level of the Al nanodisks into InSe, which has the same 

origin as the electron emission process at the electrodes. The I-V curve of the InSe 
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APD with patterned Al nanodisks is shown in Figure 8.6d, where we see that the 

photocurrent is significantly enhanced by the plasmonic nanodisk arrays. With a 30 

V bias and 44 mW/cm2 543 nm incident laser light, the quantum efficiency is 

increased from 108% (without Al disks) to 866% (with Al disks). The device 

response shows a linear dependence on incident light intensity at low applied bias 

(Figure 8.6e). However, with a 30 V bias, the photocurrent begins to fluctuate with 

illumination intensity. In this case, the plasmonic enhancement and avalanche effect 

work together and generate a substantially large photocurrent, on the order of tens 

of nA, making the APD extremely sensitive to illumination. Plasmonic enhancement 

also induces a small local heating effect that increases the thermal noise. Further 

increase in bias voltage would elevate the current to the level where device failure 

occurs. The plasmonic enhancement allows higher quantum efficiency at a smaller 

avalanche gain and a larger linear response range. The linearity is maintained up to 

90 µW/cm2, and its dynamic range is improved to 90 dB (Figure 8.6e). 

Several processes may contribute to the quantum efficiency. First, the Al 

plasmonic nanodisks provide a local electromagnetic field enhancement that can 

contribute to carrier generation in the InSe.188,189 Second, hot electrons generated by 

the decay of the surface plasmons of the Al nanodisks can provide additional 

photogenerated carriers, provided that the hot electrons have sufficient energy to 

cross the Al-InSe Schottky barrier.7,8 Third, electrons emitted over the Schottky 

barriers (in the range of 650 to 750 nm) are accelerated to a high kinetic energy, 

further contributing to the avalanche process. However, resonantly excited Al 
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nanodisks also induce a small local heating effect,190 which can shorten the excited 

carrier lifetime. 

The time-resolved photoresponse of the Al nanodisk patterned device is shown 

in Figure 8.6f. The decay behavior differs significantly from the device without Al 

nanodisks, having two distinct time constants (t0 and t1 from equation 

I  I0e

t

t0  I1e

t

t1

 ). One time constant is 87 µs, which is close to the photoresponse 

of the InSe avalanche photodetector without plasmonic Al nanodisks (shown in  

Figure 8.2). A second, longer time constant of 10 ms is also present. There are two 

possible mechanisms that may contribute to this long time constant. One could be 

capacitive charging due to hot electron injection from the electrically isolated Al 

nanodisks into the InSe: charge neutralization of the nanodisks necessitates carrier 

diffusion back into the structures. Another could be thermal effects, due to local 

heating of device by illumination of the Al nanodisks. 

8.4. Conclusions 

In summary, we have observed the avalanche effect in 2D semiconductors for 

the first time. We have successfully demonstrated an atomically thin InSe avalanche 

photodetector using a double Schottky barrier device design that enhances external 

quantum efficiency while maintaining a low dark current and a fast response time. 

Our avalanche photodetector improves the external quantum efficiency to 344% 

with an avalanche multiplication of 47X and a dark current below the tens of 
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picoamps range, and a response time of 60 s. The performance of the device has 

been further improved through the introduction of plasmonic Al nanodisks for 

enhancing photocurrent generation. This combination of the avalanche effect and 

plasmonic enhancement collectively improves the external quantum efficiency to 

866%. Similar strategies can also be applied quite generally to enhance the overall 

performance of photodetectors fabricated using other 2D materials.  
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Appendix A: Supplementary Information for 

Charge Transfer Plasmons 

 

Figure A.1 | Nnaowire-bridged Au dimer with a narrow NIR resonance. FDTD 

simulated scattering efficiencies of a 15 nm-width nanowire-bridged Au dimer and 

an Au nanorod. The nanorod is kept at the same volume as the bridged dimer, and is 

tuned to the same resonance as the bridged Au dimer by increasing its aspect ratio 

to 6.8. Despite the lossy disk dimer geometry we study in this work, the nanowire-

bridged disk dimer shows a narrower linewidth of 0.0967 eV (black), a 39% 

reduction of the line width compared to that of the 0.1344 eV linewidth of the 

nanorod.  
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Figure A.2 | Left: Linewidths of charge transfer plasmons in Au nanostructures 

shown in Figure 4.3. Right: line width of the CTP as a function of the resonance 

energy. The linewidth of the CTP shows a consistent increase with the increasing 

wire width, as a result the increasing overall volume of the structure and the higher 

energy of the resonance. 

 

Figure A.3 | Junction conductances at BDP plasmon energies in Figures 4.3 and 4.4. 

(A) Junction conductances as a function of nanowire width in Au and Al cases 

(Simulation: solid squares; Experiment: empty triangles), showing a linear increase 

of the junction conductance with increased nanowire width. (B) BDP energies as a 
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function of the junction conductance in the Au and Al structures in Figures 4.3 and 

4.4.  

In Figure A.4, we show the E-field distribution of the dipolar mode for a 

nonbridged Au dimer (gray) and for a dimer bridged with a nanowire of 15 (black), 

30 (green) and 60 nm (violet) widths. All E-field intensities are plotted with the 

same legend. We see that for a nonbridged dimer, the capacitive coupling of the two 

disks results in a BDP mode with a strong local field enhancement centered at the 

junction. Bridging the two disks with a narrow 15 nm-width metallic nanowire 

across the junction induces the local E-field to be expelled from the gap, reducing 

the capacitive coupling between the two disks. In this case, the BDP in the 

nonbridged dimer case transitions into the screened bonding dipolar mode 

(SBDP)34. The surface charges facing the junction become more and more screened 

by the increasing junction wire width, resulting in a successively weaker coupling of 

the two disks. This effect is reflected in the blueshift of the SBDP resonance with 

increasing nanowire width in both Figures 4.3 and 4.4. Moreover, the magnitude of 

the local E-field also shows a continuous decrease with increasing junction 

conductance, reflecting a reduced scattering strength of the SBDP in the spectrum.  

Figure A.4B shows the local field distribution of the CTP modes of nanowire-bridged 

Au dimers with a 15 nm (black), 30 nm (green), 60 nm (violet) wire width, and a 

completely filled junction (navy). The near field of the CTP is greatly affected by the 

junction conductance as well. The spatial distribution of the near field shows a 

progressive change from all around the surface and gap in the 15 nm nanowire 
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width case (black) to the edge of the disks on each side of the completely filled case 

(navy). It is clear to see that the E-field in the junction becomes more and more 

negligible. Increasing wire width and thus the junction conductance facilitates 

electron transport through the junction wire, reducing the electron transport time, 

and shifting the resonance to the higher energy. As the overall volume of the 

structures grows bigger, the scattering strength becomes stronger as well. This is 

reflected in the increased scattering intensities of the CTP modes in both the Au and 

Al cases.  

 

Figure A.4 | Near field distributions of nanowire bridged Au dimers at the BDP 

plasmon and at the CTP energies. (A) E-field distributions at the dipolar plasmon 

energies for bare gold dimer and dimer bridged with 15 nm, 30 nm, and 60 nm-

width junction wire. (B) E-field distributions at the CTP energies for gold dimers 

bridged with 15 nm, 30 nm, and 60 nm Au nanowire and the nanorod. 

 



 163 
 

 

Figure A.5 | A typical SEM image of arrays of bridged gold dimers in Figure 4.6, 

showing a homogenous size distribution of the structures made by electron beam 

lithography. The disk diameter is 200 nm and the interparticle spacing is 1 µm. The 

junction wire is 20 nm in width and 90 nm in length for these structures. 
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Figure A.6 | Minimized far field interference effect in FTIR array measurement. 

Comparison of spectrum line shape of experimentally measured absorbance (black), 

FDTD calculated absorption spectrum using periodic boundary condition (red), and 

calculated single-particle absorption cross section spectrum (blue) of 200 nm dimer 

bridged by a 20 nm in width and 90 nm in length wire in the junction. All the spectra 

are normalized. It is clear to see that the experimental measured spectrum of the 

arrays of bridged dimers matches the calculated spectra. The simulated single-

particle absorption spectrum is very close to the calculated spectrum using periodic 

boundary condition, indicating a minimum heterogeneous broadening in our array 

measurement and a minimum far field scattering interference.  
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Figure A.7 | MIR CTPs in bridged Au dimers with 40 nm nanowire width. The length 

of the nanowire is increased from 30 nm to 90 nm. The tuning range of the CTP is 

smaller compared to the 20 nm nanowire width case in Figure 4.6.  
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Figure A.8 | MIR CTPs with a fixed 90 nm wire length. The width is increased from 

15 nm to 50 nm. Similar to the single particle experimental results in Figure 4.3 and 

4.4, we observe a continuous tuning of the CTP to higher energy with increasing 

junction wire width while maintaining a narrow linewidth. 
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Figure A.9 | Experimental and simulated junction conductances for nanowire-

bridged Au dimers in Figure 4.6. (A) Junction conductances for Au dimers with 

increasing junction nanowire lengths from 30 nm to 90 nm. Junction conductance is 

calculated with a fixed nanowire width of 20 and 40 nm, respectively. (B) Junction 

conductances for Au dimers with a fixed wire length of 90 nm but with an increasing 

wire width from 15 nm to 50 nm. 
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Figure A.10 | Al MIR CTPs. (A) SEM images of the fabricated Al structures and (B) 

meausred absorbance spectra of arrays of Al dimers bridged with a nanowire with 

an increasing length from 30 nm to 80 nm. (C) CTP energies and the linewidths as a 

function of the wire length. The width of the nanowire is fixed at 30 nm. Similar 

experiments were performed with Al. We also see a tuning of the CTP by varying the 

junction nanowire geometry. Compared to the Au case with the same dimension, the 

resonance of the CTP in Al structures is generally more blueshifted and the line 

width is broader than the Au case as a result of the dielectric function of Al in the 

wavelength regime of interest.  
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Figure A.11 | Tuning MIR CTPs in Al structures by increasing the disk diameter. (A) 

SEM images and (B) the absorbance spectra of bridged Al dimer arrays. The junction 

wire is 30 nm in width and 90 nm in length, while the diameter is increased from 

200 nm to 300 nm. The resonance shows a redshift with increasing disk diameter.  
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Appendix B: Supplementary Information for 

Charge Transfer Plasmons in Compositionally 
Asymmetric Au-Al Heterodimers 

 

Figure B.1 | (a) Schematics and (b) calculated scattering efficiencies of Au and Al 

constituents in Figure 5.2. The Al nanodisk gives a UV dipolar plasmon resonance at 

425 nm and the Au nanodisk with a wire gives a dipolar plasmon at 780 nm. 
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Figure B.2 | Calculated plasmon resonances of the Au and Al constituents studied in 

Figure 5.3. With the assigned dimensions, the Al dimer shows a UV dipolar plasmon 

resonance at 430 nm while the Au nanorods give visible dipolar plasmons at 810 nm 

(60 nm width) and 830 nm (44 nm width), respectively.  
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Figure B.3 | Calculated plasmonic responses of the Au-Al heterostructures in Figure 

5.3 assuming small air gaps formed in between the Al dimer and Au nanorod. The 

experimental results correspond well to the simulation results where Au and Al 

structures are metallically connected. 
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Figure B.4 | Calculated optical spectra of conductively coupled Au-Al 

heterostructures, both showing prominent CTP plasmon resonances in the NIR 

regime.  
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Appendix C: Supplementary Information for 

the Near Field Properties of the Fano 
Resonance Interrogated with SERS 

 

Figure C.1 | SERS maps (|Eex|2 · |Estokes|2 for the Stokes line at 1590 cm-1) of a 

monolayer of p-MA on heptamers (i – iii in Figure 6.2) evaluated at ½ the height 

(left) and 2nm above the top surface (right) of the cluster.     
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Figure C.2 | SERS maps (|Eex|2 · |Estokes|2 for the Stokes line at 1590 cm-1) of a 

monolayer of p-MA on heptamers (i – iv in Figure 2) evaluated at ½ the height of the 

cluster.     
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Appendix D: Supplementary Information 
for An Atomically Layered InSe Avalanche 

Photodetector 

D.1 Quantum Efficiency Calculation  

Here, a detailed quantum efficiency calculation process is described. The 

quantum efficiency calculation of the device shown in Figure 8.2d inset with a 50 V 

bias and 8.8 mW/cm2 illumination is demonstrated as an example.  

The device area measured from the SEM image in Figure 8.2d inset is 9.25 

µm2 and the power incident onto the device is 0.81 nW. The laser wavelength is 543 

nm, which corresponds to photon energy of 2.28 eV. The rate of photons reaching 

the surface of the device is 2.2×109 s-1.  

The photocurrent is 1.3 nA, and the dark current is 0.08 nA. This gives a 

photoresponse of 1.22 nA, corresponding to 7.6×109 photogenerated electrons per 

second. Then the quantum efficiency is 7.6×109/2.2×109= 344% 

D.2 Signal to Noise Ratio Calculation 

Here an example of signal to noise ratio calculation is demonstrated on the 

device shown in Figure 2d with 30 V bias and 26.5 mW/cm2 illumination. The dark 

current Id=0.003 nA. Considering the bandwidth of the device (BW=16 KHz) and the 

avalanche gain (M=6 at 30 V bias), the power of the noise 22eIdBWM
2= 
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6.4×10-25 A2. The power of the photocurrent Iph2= (0.7 nA)2= 5×10-19 A2. So the signal 

to noise ratio is 10lg(Iph2/σ2) = 60 dB. 

D.3 Dark Current of the Layered InSe Photodetectors 

The avalanche effect in InSe photodetector with Al electrodes is a very 

repeatable and consistent phenomenon. Here we show the dark current 

multiplication from two other devices plotted as a function of bias voltage. a, dark 

current response measured from the top device indicated in the inset SEM image. b, 

dark current analysis for the device shown in Fig. 4. A characteristic linear 

relationship in two plots agrees well with the avalanche effect. For both devices, the 

avalanche effect takes place at 12 V. Device in a shows index n=1.4 and Vb=60 V, 

while device in b shows index n=2.0 Vb=40 V.  

 

Figure D.1 | Dark current of InSe avalanche photodetector (with Al electrodes) from 

two other devices fitted with equation (8.3) in the manuscript. 
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D.4 Determination of the Schottky Barrier Height 

The photoresponse (PR) with the presence of Schottky barrier follows the 

following relationship with photon energy PR=a(E-Eb)2, where a is a factor and Eb is 

the barrier height. By liner fitting the photoresponse with PR1/2=a1/2 (E-Eb), as 

shown in this figure, the Schottky barrier height is determined to be 1.54 eV. 

 

Figure D.2 | Schottky barrier height estimation by fitting with photoresponse 

spectrum. 

 

 

1.53 1.54 1.55 1.56 1.57 1.58 1.59 1.60

 

 

P
h

o
to

re
s
p

o
n

e
1

/2
 (

a
rb

. 
u

n
it

)

Photon Energy (eV)




