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Abstract 

 

Metal-Insulator-Metal (MIM) electron tunneling diodes have recently 

emerged as an attractive alternative to semiconductor photodiodes for THz and 

optical detection due to their fast response time and relative ease of fabrication. 

However, current antenna-coupled MIM diode detectors are still limited by poor 

responsivity and low detection bandwidth due to impedance mismatch between 

the diode and antenna, large RC time constant of lumped MIM junctions, and 

narrow bandwidth of traditional antenna designs.  In this thesis we address these 

issues by considering traveling-wave MIM detector designs which exhibit 

enhanced responsivity and low impedance that can be more easily matched to 

planar antennas. We also propose new antenna geometries based on surface 

modification of traditional bowtie antennas that are capable of receiving ultra-

wideband THz signals. The concept of traveling-wave MIM detectors is then 

extended to the investigation of nonlinear MIM nanoplasmonic waveguides for 

on-chip single-cycle THz pulse generation, frequency conversion, as well as 

plasmonic switching and modulation. 
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Chapter 1  

 

Introduction  

 

Electromagnetic radiation detectors are important components for scientific 

research and applications in the broad electromagnetic spectrum from microwave 

to optical frequencies. Over the last several decades, integrated optical detectors 

based on semiconductor diodes have attracted a lot of attention and experienced 

rapid development fuelled largely by the advance of the semiconductor 

technology. Semiconductor detectors are typically characterized by very high 

responsivities; however, their wavelength range of operation is limited by the 

material bandgap and the speed of operation is hindered by the electron transit 

time across the pin junction. 

 Metal-Insulator-Metal (MIM) diode detectors have recently emerged as an 

attractive alternative to semiconductor detectors. Initially demonstrated in 1966 

[1], there has been renewed interest in the development of these devices for 

applications as rectifiers from Terahertz (THz) to infrared [2-5] thanks to recent 

progress in thin film fabrication technologies such as Atomic Layer Deposition 

(ALD). Compared to semiconductor detectors, MIM diodes are considerably 

easier and cheaper to fabricate since the metal and insulator layers can be 

deposited using ion-beam or electron beam deposition rather than more complex 

and costly epitaxial processes such as molecular beam epitaxy (MBE) and metal-

organic chemical vapour deposition (MOCVD). In addition, due to the ultrafast 

electron tunneling process (in the order of 10
-16

-10
-15

s [6]), MIM diode detectors 

exhibit broadband operations for continuous wave (CW) signal detection from 

THz to infrared radiation [7]. However, to meet the requirements for efficient and 

fast detectors for ultra-wideband applications, several technical challenges 

relating to signal coupling efficiency and RC bandwidth limitation must be 

addressed. This thesis focuses on the modeling, optimization and improvement of 

MIM detectors for ultrafast THz and optical rectification. 
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 At optical frequencies the MIM structure can also support and guide 

surface plasmon polaritons (SPPs). SPPs are electromagnetically-coupled electron 

oscillations that exist and propagate along a metal-dielectric interface [8]. Surface 

plasmon waveguides have attracted much attention recently because unlike 

conventional dielectric optical waveguides, these waveguides can confine and 

guide electromagnetic energy below the diffraction limit of light. In particular, the 

MIM structure can confine and guide light in the nanometer-thin insulator gap 

between the two metal layers. Combining with the nonlinear electron tunneling 

process, we show that the MIM waveguide acts as a nonlinear nanoplasmonic 

waveguide which can be used for optical rectification, second harmonic frequency 

generation as well as other nonlinear plasmonic device applications. 

 

1.1 Background and Motivation 

 

MIM diodes, typically consisting of a 1-3nm thick oxide layer sandwiched 

between two metal electrodes, exhibit nonlinear current-voltage relation under an 

applied potential [9-11]. This nonlinear response arises from electron tunneling 

through the insulator layer under a bias voltage and can be used to detect 

electromagnetic radiation [1]. Electromagnetic waves incident on a MIM diode 

will be rectified, resulting in a DC current which is proportional to the power of 

the incident radiation. MIM diodes are especially attractive for detecting THz 

radiation, which has potential applications in security, medical imaging and many 

other areas [12-13]. Due to the small size of an MIM structure compared to the 

wavelength of interest, the fraction of incident radiation that could be received by 

the diode is very small, so antennas are commonly used to couple electromagnetic 

radiation into the diode more efficiently [4, 14]. 

 Optimal design of antenna-coupled MIM diode detectors must address two 

competing issues: 1) detection efficiency (or external quantum efficiency) and 2) 

detection bandwidth. Current MIM diodes exhibit poor detection efficiency due to 

the inherently low rectification efficiency of the MIM junction and the poor 

coupling efficiency from the antenna to the diode. The poor coupling efficiency is 
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primarily caused by the impedance mismatch between the antenna and the diode. 

Commonly used planar antennas have typical impedance values around 50Ω [15] 

to 100Ω [4], which are much smaller than the typical diode resistance in the KΩ-

MΩ [16-17]. As a result, there is a large impedance mismatch between the 

antenna and the diode, resulting in poor coupling efficiency even though the 

received signal is enhanced by the antenna. In addition to the impedance 

mismatch problem, the speed of an antenna-coupled MIM diode detector is also 

limited by its RC time constant, as given by the antenna resistance and the diode 

capacitance. This time constant sets a cut-off frequency beyond which 

rectification cannot be achieved efficiently. For an Al-Al2O3-Al MIM diode with 

antenna impedance of 50Ω, diode size of 150 × 150nm
2
 and insulator layer 

thickness of 3nm; the RC bandwidth is around 11THz, which prevents its use at 

the optical frequencies. To increase the cut-off frequency, the size of the diode has 

to be further reduced which presents considerable fabrication challenges. On the 

other hand, to increase the diode efficiency, the area of the diode must be 

increased, which reduces the RC bandwidth and increases the impedance 

mismatch with the antenna. Thus, simultaneous wide detection bandwidth and 

high detection efficiency are not achievable for current antenna-coupled MIM 

diode detectors. 

 The above discussion shows that, it is a challenging task to design MIM 

diodes with both high responsivity and wide bandwidth simultaneously. Therefore, 

there is strong motivation in the research of an antenna-coupled MIM-configured 

detector which can make use of the advantages of MIM systems while achieving 

wide detection bandwidth and high detection efficiency for ultra-wideband optical 

applications, especially for the detection of ultrafast optical pulses. 

 

1.2 Literature Review on Antenna-coupled MIM Diodes 

 

The first antenna-coupled MIM diode was fabricated in 1966 [1] and consisted of 

a point contact junction coupled to a dipole antenna. Since then much research 

work has been conducted on antenna-coupled MIM diodes with the aims of 
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improving the detector responsivity, coupling efficiency of radiation into the 

diode and the detection bandwidth and response time of the diode.  

 

1.2.1 MIM diodes 

 

Research on MIM diodes dates back to the 1960s starting with the point-contact 

configuration consisting of a tungsten wire attached to a planar metal surface [18]. 

The MIM junction was formed at the contact point with a few nanometers of 

native oxide as the insulator layer. Point contact diodes have a very fast response 

time estimated in the order of 10
-16

-10
-15

s [6] and are capable of detecting 

electromagnetic waves up to the infrared frequencies [3,7,18] by means of 

rectification. However, the point contact configuration is mechanically unstable 

and cannot be reproduced since it is not easy to control the contact area and native 

oxide thickness. Such a structure is therefore not suitable for commercial 

applications. With later development of ion-beam deposition (IBD) and electron 

beam lithography (EBL), the fabrication of more stable and reproducible thin-film 

planar MIM diodes becomes possible. In this configuration, the insulator layer is 

sandwiched between the two metal electrodes in a layered hierarchy. It can also be 

conveniently integrated onto substrates for chip-level applications as detectors in 

imaging systems. As a result, planar MIM diodes have become popular. The 

common geometry takes a square shape with a width of 100nm or less [3-4,7] to 

achieve fast response time and high cut-off frequency. 

 Experimentally, numerous material systems have been used in the 

fabrication of MIM diodes. These include symmetrical structures such as Ni-NiO-

Ni [3,4], Al-Al2O3-Al [5] and asymmetrical structures such as Al-AlOx-Pt [19]. 

These diodes have been demonstrated for detecting CW signals up to 10μm  

wavelength [3,4,20] with responsivity as high as 0.95mA/W [4,21]. Operation of a 

symmetrical MIM diode requires a bias voltage to achieve rectification while an 

asymmetrical structure can rectify without bias. Recent research in MIM diodes 

even suggests the use of amorphous metals (also known as metallic glass) as 

electrodes, exhibiting highly nonlinear current-voltage characteristics [22]. 
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Regardless of the material system used, the primary objective in MIM diode 

research is to obtain highly nonlinear current-voltage response which permits 

detectors with high responsivity and ultrafast response time to be achieved. 

 

1.2.2 Antennas 

 

Typical MIM diodes have dimensions of 100 × 100nm
2
 which are much smaller 

than the wavelengths of interest. Due to the small areas of MIM diodes, coupling 

of radiation to the diode is very poor. To enhance the coupling, antennas are 

commonly connected to diodes as receiving units. Both the MIM diode structure 

and the planar antenna are integrated on the same substrate, with the two arms of 

the antenna each connected to a metal layer of the diode. Incoming radiation is 

captured by the antenna and subsequently transferred to the diode for rectification. 

With a much larger area, the antenna can greatly enhance the overall responsivity 

of the diode. 

 Depending on the polarization of the received radiation, there are two 

major types of antennas used: linearly polarized and circularly polarized. Early 

MIM diodes used linearly polarized dipole antennas since they are easy to 

fabricate and analyze [1,20]. Bowtie antennas are another types of linearly 

polarized antennas that are commonly used [4] because they have relatively 

wideband performance and can be easily scaled to operate at different frequencies 

[4,23]. To receive circularly polarized radiation, spiral antennas are the most 

commonly used [4]. The three types of antennas mentioned above have been well 

characterized at the microwave frequencies and can be easily extended into the 

THz and infrared regimes. Experimental studies of these antennas at the THz 

frequencies have shown excellent performances [4]. 

 In addition to the above traditional antenna geometries, novel antenna 

designs such as sierpinski and apollonian fractal antennas [24-25] can be used to 

achieve ultra-wideband impedance matching to the diode. Geometrical 

modification techniques can also be applied to traditional antennas following 

basic principles in antenna design at the microwave frequencies to achieve higher 
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efficiency and wider bandwidth performance. In general, optimum design of diode 

antenna aims at providing the highest available signal power to the diode over a 

widest available bandwidth with a reasonably low return loss. 

 

1.2.3 Traveling-wave diodes 

 

The use of antennas greatly increases the received radiation power. However, not 

all of the available power can be coupled to the MIM diode because of mismatch 

between the diode and antenna impedances. The problem of impedance mismatch 

is tied to the device material and geometry and has no easy solution. On one hand, 

planar antennas made with highly conductive metals cannot have resistances as 

high as KΩ-MΩ [16-17]. On the other hand, commonly used fabrication 

techniques cannot bring the diode impedance down to the antenna’s 50Ω range. 

There has been some research effort on lowering the diode impedance by using 

different oxidation methods for oxide deposition but no significant improvement 

has been achieved [16]. 

 One way to overcome the impedance mismatch problem and achieve wide 

coupling bandwidth is by using a traveling-wave MIM (TW-MIM) diode structure 

[26]. In a TW-MIM diode, electromagnetic waves are rectified as they propagate 

along the length of the MIM structure, which serves as a type of waveguide. Since 

electromagnetic waves propagate in the MIM waveguide as the fundamental 

transverse magnetic (TM) mode, they experience only the modal characteristic 

impedance [26]. This characteristic impedance can be designed to be in the range 

of 50Ω to achieve perfect impedance matching to a typical planar antenna [26]. 

Also, the fundamental TM mode of the MIM waveguide has no cut-off frequency, 

so that the waveguide can support wave propagation from microwave up to the 

optical frequencies [26-29]. As a result, the TW-MIM diode structure is expected 

to have ultrawide electrical and optical bandwidths. Although TW-MIM diodes 

have been theoretically analyzed for CW signal detection [26], their performance 

for rectifying ultrafast optical pulses has not been investigated.  
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1.3 Research Objectives and Contributions 

 

This thesis has two primary objectives. The first one is to realize improved 

antenna designs for receiving/radiating wideband THz radiation. The second one 

focuses on theoretical and numerical investigations of the MIM structure as a 

nonlinear nanoplasmonic waveguide for ultrafast optical applications such as 

rectification, second harmonic generation and frequency mixing. 

 This thesis consists of two main parts. The first part is motivated by the 

need to improve the performance of antenna-coupled MIM detectors for THz 

signal detection. In this part we will first provide a detailed analysis of current 

antenna-coupled MIM diode designs to identify their limitations. We will next 

focus our effort on the design of improved antenna geometries to achieve wide-

bandwidth impedance matching to the MIM junction. This is accomplished by 

geometrical modification of traditional antennas, making use of antenna theory as 

well as numerical tools to aid the design optimization process. In particular, the 

multi-resonance technique is used to improve upon the traditional bowtie antenna 

design and the finite element method (FEM) [30] is used to simulate the response 

of the proposed antenna designs. The performance of our antenna designs in the 

sub-THz (1THz-2.5THz) band will be compared with those of traditional bowtie 

antennas. 

 The second part of the thesis will focus on the MIM structure as a 

nonlinear nanoplasmonic waveguide. Our primary effort will be devoted to the 

theoretical and numerical analyses of MIM plasmonic waveguides for rectifying 

ultrafast optical pulses and second harmonic frequency generation. Theoretically, 

we will model the MIM plasmonic waveguide as a one-dimensional effective 

medium with effective permittivity and conductivity and treat the electron 

tunneling in the MIM junction as an effective nonlinear conductivity. We will also 

develop a set of nonlinear coupled equations using the coupled-mode theory 

(CMT) for describing the nonlinear propagation of both CW and pulse signals. 

These sets of equations will also be able to approximate the amplitude behaviours 

of CW and pulse signals as well as the bandwidth performance of the pulse 



8 
 

signals. To simulate the structure we will develop a nonlinear finite-difference 

time-domain (FDTD) method which incorporates electron tunneling in the MIM 

junction as an effective conductivity in the insulator layer. Both the CMT analysis 

and numerical simulations will be done to investigate the characteristics of the 

MIM nanoplasmonic waveguide for optical rectification, frequency generation, 

and other nonlinear plasmonic applications. In particular, we find that the device 

can be used to generate single-cycle THz pulses by rectifying ultrafast optical 

pulses, for potential application as on-chip THz source generation. The nonlinear 

MIM waveguide can also be used as a plasmonic device to perform nonlinear 

signal processing, such as second harmonic generation, sum and difference 

frequency generation, as well as plasmonic logic functions. 

 We also extend the scope of our investigation by exploring alternative 

plasmonic waveguide designs, material systems and other electron tunneling 

junctions for realizing nonlinear plasmonic devices. Firstly, we look at the MIM 

waveguide providing third-order nonlinearity and find that its effects are much 

weaker than the second-order nonlinearity. In particular we investigate the use of 

long range surface plasmon modes in Insulator-Metal-Insulator-Metal-Insulator 

(IMIMI) waveguides for achieving improved nonlinear frequency conversion 

efficiency. We also study the metal-insulator-semiconductor (MIS) plasmonic 

waveguide as an alternative structure to the MIM structure. These structures are 

found to be especially promising for nonlinear plasmonic device applications due 

to their lower loss, high nonlinearity and compatibility with the CMOS fabrication 

process. 

 

1.4 Thesis Outline 

 

This thesis contains six chapters and is organized as follows. 

 Chapter 1 provides the motivation, literature background and outlines our 

research objective and contributions. 

 Chapter 2 introduces the design and analysis of current antenna-coupled 

MIM diode detectors, investigates their limitations and proposes improved 



9 
 

antenna designs for wideband applications in the sub-THz range. 

 Chapter 3 presents a theoretical analysis of MIM nanoplasmonic 

waveguides based on the Coupled Mode Theory for wave propagation in 

nonlinear conductive medium. The performance of the MIM structure for ultrafast 

optical rectification and second harmonic generation will be investigated. 

 Chapter 4 presents the development of a rigorous nonlinear FDTD method 

for simulating MIM nanoplasmonic waveguide structures. The method is used to 

study nonlinear pulse propagation in the MIM waveguide and the various second 

order nonlinear processes in the waveguide. The numerical simulations are also 

compared to approximate theoretical results to validate the CMT theory developed 

in Chapter 3. 

 Chapter 5 explores additional MIM plasmonic waveguide designs, 

material systems, and other electron tunneling junctions for realizing nonlinear 

nanoplasmonic applications.  

 Chapter 6 summarizes the contributions of this thesis and provides 

suggestions for future work. 
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Chapter 2  

 

Analysis of Antenna-coupled MIM Diode Detectors and 

Improved Antenna Design 

 

2.1 Introduction 

 

Since their first demonstration in 1966 [1], antenna-coupled MIM diodes have 

been extensively researched for use as fast rectifiers and mixers of 

electromagnetic signals from the microwave to infrared frequencies [2-5]. The 

operations of these devices rely on the nonlinear current-voltage (I-V) 

characteristic of MIM junctions. The advantages of MIM diodes over 

conventional semiconductor photodiodes include their ease of fabrication, 

wideband operation and fast response time. Unlike semiconductor photodiodes 

which require expensive fabrication processes such as MBE growth, MIM diodes 

can be fabricated by simple low-cost chemical vapour deposition or sputtering 

techniques. Since MIM diodes operate based on electron tunneling, their response 

times are much faster than semiconductor photodiodes, whose response times are 

typically limited by electron recombination and transit time through the pin 

junction [31]. 

 Given their advantages there has been much effort in the development of 

MIM diodes for various applications [2-5,32]. In particular, there has recently 

been increasing interest in employing antenna-coupled MIM diode detectors for 

THz imaging [12-13]. THz radiation (in the frequency range from 0.5THz to 

2.5THz) is believed to have good penetration in many materials, especially human 

tissues [12-13,33]. The absorption spectra in the THz frequency provide unique 

fingerprints that can be used to detect and identify various chemicals of interest in 

medical diagnostics and security applications. THz imaging technology relies on 

sensitive and broadband THz detectors and it is in this arena that antenna-coupled 

MIM diode rectifiers can potentially provide an attractive solution in terms of 
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device performance and low cost. While there has been development in improving 

the characteristics of MIM junctions, there has not been much effort devoted to 

the engineering of new antenna designs optimized for broadband THz reception. 

Most currently used THz antennas are miniaturized versions of their traditional 

microwave counterparts [4,14,17], including a few popular simple designs such as 

dipole, bowtie and spiral antennas [4]. To make use of antenna-coupled MIM 

diodes as broadband THz detectors, the antennas are required to have broad 

receiving bandwidth in the THz range. Traditional microwave antenna designs 

cannot accommodate such a wide bandwidth. To address this problem, we will 

devote a portion of this chapter to the engineering of new THz antenna designs for 

the reception of broadband THz radiation. 

 The objective of this chapter is to investigate the characteristics of 

antenna-coupled MIM diode detectors, identify their constraints and propose 

improved antenna designs for receiving broadband THz signals. The goal of the 

THz antenna design is to achieve impedance matching to a load impedance of 

50Ω with less than -10dB return loss over the THz band from 1THz to 2.5THz. 

The proposed antenna design strategy can also be scaled to higher THz and far 

infrared frequencies. Other related parameters such as gain profile, efficiency and 

radiation pattern of the proposed antenna designs will also be discussed. 

 The outline of the rest of this chapter is as follows. Section 2.2 provides a 

review of MIM diodes and their equivalent circuit modeling when connected to an 

antenna. The purpose is to identify the parameters related to the overall 

performance of antenna-coupled MIM diode detectors. Section 2.3 reviews 

popular THz antenna designs and proposes improvements to these designs for 

receiving THz radiation in the frequency range from 1THz to 2.5THz and 

summaries the current constraints on the performance of antenna-coupled MIM 

diode detectors. Concluding remarks will be given in Section 2.4.  

 

2.2 MIM Tunnel Diodes 

 

Metal-insulator-metal diodes, also known as metal-oxide-metal (MOM) diodes, 
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are a type of tunnel junctions consisting of a thin insulator layer sandwiched 

between two metal electrodes, as shown in Fig. 2.1(a). 

 

 

Figure 2.1 (a) Schematic of a planar MIM diode and the band diagrams of an Al-Al2O3-Al diode: 

(b) without bias voltage and a barrier height Φb of 2eV [32], (c) with a forward DC bias voltage Vb, 

and d) with a forward DC bias voltage Vb and effects from energetic photons [34-35]. J1 and J2 

represent the amplitudes of electron tunneling current densities and the tunneling directions of 

electrons are indicated by the arrows. 

 

 The MIM diodes are symmetrical if the two metals are the same and 

asymmetrical if they are different. A symmetrical MIM diode has symmetric 

current-voltage characteristic and requires an applied bias voltage for rectification. 

An asymmetrical MIM diode does not require a bias voltage since its current-

voltage characteristic is already asymmetric. In this thesis, we consider only 

symmetrical MIM diodes. 

 In order to allow electron tunneling, the metal and insulator must be 

chosen to create a potential barrier height separating the two metal electrodes and 

the thickness of the barrier must also be small to achieve high electron tunneling 

probability [36]. The barrier height υ between a metal and an insulator is the 

difference between the work function Φm of the metal and the electron affinity χins 

of the insulator, [32] 
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 insm   .                                         (2.1) 

Thus, a potential barrier exists when the work function of the metal is higher than 

the electron affinity of the insulator. When the insulator layer thickness is reduced 

to only a few nanometers, net electron tunneling can take place between the two 

metal electrodes under an applied potential across the MIM junction [36]. Field 

assisted electron tunneling is regarded as the dominating conduction mechanism 

in MIM diodes over thermionic emission effects [10]. The tunneling current 

exhibits a nonlinear dependence on the DC bias potential and is primarily 

determined by the height and width of the potential barrier. 

 The operation of a symmetrical MIM diode can be understood from its 

energy band diagram which is shown in Fig. 2.1(b). We use the example of an Al-

Al2O3-Al junction which is a commonly used and well researched material system 

for MIM diodes [5,37-39]. The Al2O3 insulator layer has a typical thickness of 

3nm [40] and a potential barrier height of about 2eV with respect to the Fermi 

surface of the Al metal layers [32]. Under zero applied bias (Fig. 2.1(b)), electrons 

have equal probability of tunneling through the barrier in both directions, so there 

is no net current flow through the diode. Under a DC bias voltage, a net tunneling 

current arises due to the unequal tunneling probabilities in the two directions 

induced by the potential difference, as illustrated in Fig. 2.1(c). When the MIM 

junction is illuminated with high frequency radiation, virtual bias states equal to 

multiple photon voltage steps are created around the DC bias point [34-35], 

resulting in modulated bias states as illustrated in Fig. 2.1(d). 

 Many metals have been used in the construction of MIM diodes. Besides 

the commonly used Al, Cr and Ni metals [3,4,32], MIM diodes with amorphous 

metals (metallic glass) have also been demonstrated, showing superior nonlinear 

current-voltage characteristics [22]. In addition, two or more insulator layers can 

also be used as barriers to enhance the current-voltage nonlinearity [32,41]. 

 

2.2.1 Current-voltage characteristics of MIM diodes 

 

Theoretical analysis of the tunneling currents in MIM junctions was intensively 
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studied by Simmons [10,11] who developed a classical tunneling current model in 

MIM diodes under DC bias condition using the Wentzel-Kramers-Brillouin (WKB) 

approximations. In Simmons’ approach, field-assisted electron tunneling is 

considered to be the major conduction mechanism and minor contributions from 

photon-assisted tunneling and thermionic effects are neglected. The model also 

includes the effects of image charges. 

 As shown in Fig. 2.1(b), when there is no applied bias voltage, electron 

tunneling probabilities in both directions are equal, so the net tunneling current is 

zero. When a positive bias voltage is applied to the right metal as shown in Fig. 

2.1(c), electron tunneling from the left to the right has a higher probability than in 

the reverse direction. As a result a net tunneling current equal to J1–J2 is observed. 

The tunneling current densities for small signal detection under a DC bias voltage 

Vbias are given by [10]  
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In the above, J is the tunneling current density amplitude in units of A/cm
2
, Vbias is 

the bias voltage in units of Volts, e is the charge of an electron, Δs is the effective 

barrier thickness in units of Å, h is the Planck’s constant, m is the mass of 

electron, β is the integration correction factor and I  is the effective barrier 
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height in units of eV. 

 When the MIM junction is illuminated by high frequency radiation from 

THz and above, the impact of energetic photons on the device behaviour becomes 

significant [34] and the classical analysis of Simmons must be modified to 

account for the contribution from photon-assisted tunneling. The absorption of 

high frequency radiation generates virtual energy levels equal to multiple photon 

voltage steps (nћω/e) around the bias point as illustrated in Fig. 2.1(d). These 

extra energy levels modify the energy states between the top and bottom 

electrodes and result in step-like bias states with a modulated current-voltage 

characteristic. As a result the MIM diode no longer behaves as a classical rectifier. 

In the semi-classical model the tunneling current is modified from the classical 

DC current to give [35] 

)()()(  VVIVVIVVI biasbiasobias  ,                        (2.3a) 
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In the above, Vbias is the DC bias voltage, Vω is the equivalent AC voltage induced 

by illumination, I is the tunneling current density (I is used instead of J to 

differentiate from the Bessel’s function Jn), ћ is the reduced Planck’s constant, ω 

is the frequency of the radiation, and Jn is the Bessel function of order n. The total 

voltage across the tunnel diode is given as 

)()( tVVtV biastotal  .                                 (2.4) 

Fig. 2.2 compares the J-V curves obtained from Simmons’ model (classical model) 

and the semi-classical model for an Al-Al2O3-Al diode with a 3nm thick Al2O3 

layer. It is seen that the semi-classical model predicts a slightly higher and more 

nonlinear tunneling current density than the classical model when illuminated 

with an optical signal at 1.55μm wavelength. 
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Figure 2.2 Plots of dark (given by Simmons’ model in Eq. 2.2(f)) and semi-classical (illuminated 

at 1.55μm wavelength and peak field amplitude of 3.33×107 V/m) J-V curves of an Al-Al2O3-Al 

diode with a 3nm thick Al2O3 layer. 

 

2.2.2 Circuit model of antenna-coupled MIM diode detectors 

 

To enhance the detection efficiency of MIM diodes, an antenna is typically used 

to capture the incident radiation and coupled it into the MIM diode, inducing a 

voltage drop across the two metal electrodes. The antenna thus serves as a voltage 

source feeding the signal to the diode. Since the physical dimensions of a typical 

MIM diode are much smaller than the incident wavelength, the MIM diode can be 

treated as a lumped circuit connected to the antenna [42].  

 

 

Figure 2.3 Schematic of a lumped circuit model for an antenna-coupled MIM diode detector. The 

diode model is indicated as inside the dashed zone. 
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Specifically, the MIM diode is modeled as a nonlinear resistor in parallel with a 

capacitor while the antenna is modeled as a voltage source with a series resistor to 

account for the antenna resistance. A schematic of the equivalent circuit of an 

antenna-coupled MIM detector is given in Fig. 2.3, where RA is the antenna 

resistance, Vs is the equivalent voltage source representing incident signal 

captured by the antenna, RD is the diode junction resistance and CD is the diode 

capacitance.  

 The capacitance of the MIM junction is calculated from 

d

A
C orD  ,                                             (2.5) 

where εr is the relative permittivity of the insulator layer, εo is the permittivity of 

vacuum, A is the area of MIM junction and d is the thickness of the insulator layer. 

The diode resistance is obtained from the slope of the current-voltage curve at the 

bias point as [2] 
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For the semi-classical I-V curve, the diode resistance can be calculated using the 

following finite difference form [43] 
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where I is the tunneling current density given by Eq. 2.3a. Using the classical I-V 

curve of the Al-Al2O3-Al diode with a 3nm thick insulator layer (dotted line in Fig. 

2.2), RD is calculated to be 7.5MΩ at zero bias and 4.7MΩ when biased at 0.1V. 

This semi-classical model calculates the resistance from the reciprocal of the 

slope of the secant line between the two tunneling currents at voltages Vbias± ħω/e 

[43]. In the semi-classical model, the diode resistance RD exhibits frequency 

dependence under illumination. We calculated RD for the Al-Al2O3-Al diode at a 

bias voltage of 0.1V and compared it to the classical value in Fig. 2.4. It is clear 

that the diode resistance extracted from the semi-classical model decreases as the 

frequency of the incident radiation increases. At higher radiation frequency, the 

effective tunnel barrier is reduced (as illustrated from the band diagram in Fig. 

2.2(c)) and the junction becomes less resistive to electron tunneling. As a result, 
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increasing tunneling current density is achieved at the same bias condition leading 

to a lower diode resistance. Note, however, that both models give vary large diode 

resistances in the range of MΩs. 

 

Figure 2.4 Plots of semi-classical and classical resistances (at 0.1V bias voltage) for the Al-Al2O3-

Al diode with its current-voltage characteristic given in Fig. 2.2. The classical value is calculated 

to be frequency independent and has a value of 4.7MΩ. 

 

 MIM diode resistances in the range of 70KΩ-20MΩ were also reported for 

an Nb-NbOx-Nb junction with a size of 500 × 500nm
2
 at zero bias resistance by 

Berland et al. [16]. The same group [16] was later able to reduce their diode 

resistance to below 7.5KΩ with improved fabrication techniques. Much lower 

resistances were observed for Ni-NiO-Ni diodes. For example, Fumeaux et al. [4] 

reported a zero bias resistance of about 100Ω for a 100 × 100nm
2
 Ni-NiO-Ni 

junction and Hobbs et al. [3] achieved a value of 150Ω for a junction of size 600 × 

600nm
2
. These results show that small diode resistances may be achieved by 

proper choice of the material system and better refinement of the fabrication 

techniques; although this still remains a significant challenge with current MIM 

fabrication technology and most MIM diodes exhibit large zero-bias resistances. 

 In the circuit model in Fig. 2.3, the antenna is treated as a resistor in series 

with a voltage source. The resistance RA is around 50-100Ω in the microwave to 

infrared frequencies for a typical planar antenna made of highly conductive metals 

[4,15]. Analysis of the circuit in Fig. 2.3 shows that the antenna and diode work 
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collectively as a low pass filter with cut-off frequency 

DA

C
CR

f
2

1
 .                                          (2.7) 

Rectification cannot be carried out efficiently for incident radiation beyond the 

cut-off frequency which is mainly determined by the diode capacitance. Using the 

relative permittivity of Al2O3 (4.29 at 1.55μm wavelength [44]) and the resistance 

of the Al-Al2O3-Al junction (4.7MΩ at 0.1V bias), we find that to rectify an 

optical signal at 1.55μm wavelength, we would require an MIM diode with an 

area of 20 × 20nm
2
 or less. This small diode size is extremely demanding for 

current fabrication technology. For a typical MIM diode junction of size 100 × 

100nm
2
, the cut-off frequency fC is calculated to be 25THz.  

 Besides the above bandwidth limitation, the low coupling efficiency from 

the antenna to the diode places another limitation on the performance of MIM 

detectors. The power coupling efficiency is defined as 

in

D
C

P

P
 ,                                                  (2.8) 

where PD is the power coupled to the diode and Pin is the power received by the 

antenna. For antennas in the THz and infrared frequencies, there is a simple 

approximation for the power received by the antenna. For a balance-arm antenna, 

the power received by the antenna can be estimated from the voltage Vs induced 

across the two antenna arms and the antenna input resistance RA [42], 

A

s
in

R

V
P

8

2

 .                                                     (2.9) 

In the circuit in Fig. 2.3, the power delivered to the diode is given by 

D

D
D

R

V
P

2

|| 2

 ,                                                 (2.10) 

with the voltage VD across the diode calculated from voltage division 

DDADA

Ds

DA

Ds
D

CRRjRR

RV

ZR

ZV
V





 .                             (2.11) 

Using Eqs. 2.9 - 2.11 in Eq. 2.8, we obtain the following expression for the 

frequency dependent coupling efficiency  
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 .                               (2.12a) 

At THz, the condition of 12222 DDA CRR
 
is satisfied and Eq. 2.12a is reduced to 
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.                         (2.12b) 

The above equation shows that to achieve unity coupling efficiency, we require 

the diode resistance to be matched to the antenna resistance: RD = RA. 

 Due to the large diode resistance, the impedance matching condition is 

difficult to achieve for most MIM junctions, resulting in poor coupling efficiency. 

For the Al-Al2O3-Al diode with current-voltage relation shown in Fig. 2.2, its 

frequency dependent coupling efficiency is plotted in Fig. 2.5, assuming antenna 

input resistance of 50Ω and 0.1V diode bias voltage. It can be seen that the 

coupling efficiency is extremely low. 

 

Figure 2.5 Coupling efficiency between an antenna (50Ω) and the Al-Al2O3-Al diode (Fig. 2.4). 

 

 The output of an MIM diode is a rectified DC current which is 

proportional to the incident radiation power. The detection efficiency of the MIM 

diode is specified by its responsivity which is defined as the rectified DC current 

idc divided by the radiation power Pin delivered to the junction [45]  

in

biasdc
diode

P

Vi )(
 .                                         (2.13) 

Suppose the incident radiation induces an AC voltage Vω across the diode junction. 
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The diode current can be expressed as a Taylor series expansion as around the bias 

voltage Vbias:  

...
!3

)(
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)()( 3

'''
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
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VI
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VIVVI biasbiasbias

biasbias
.(2.14a) 

Assuming the AC voltage has the form , where ω is the frequency 

of the incident radiation, the rectified DC current arising from the V
2
 term in Eq. 

2.14(a) is found to be [32] 

2
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The power delivered to the MIM diode is  

2
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The responsivity of the MIM diode given by Eq. 2.13 is thus 
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In the semi-classical analysis, the responsivity can be computed using finite 

difference schemes for the derivatives I
’
 and I

”
 as [43] 
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The semi-classical model reflects the slope change of the secant line between the 

two tunneling currents at voltages Vbias± ħω/e (other than a continuous derivative 

at the bias voltage Vbias as used in a classical approach) [43]. The responsivity of 

the Al-Al2O3-Al junction with a 3nm-thick insulator layer is plotted as a function 

of the incident radiation frequency in Fig. 2.6(a). At low frequencies the diode 

responsivity is given by its classical value (1.84A/W). At high frequencies the 

responsivity is seen to approach the quantum limit [43], which is the detection 

efficiency of one free electron produced for each photon absorbed in the junction. 

 The overall responsivity of the antenna-coupled MIM detector is the 

product of the coupling efficiency and the diode responsivity 

)cos( tVV  
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DiodeCectorMIM  det_

.                                  (2.16) 

 

  

Figure 2.6 Responsivity of (a) an Al-Al2O3-Al diode and (b) antenna-coupled Al-Al2O3-Al diode. 

The diode has a square shape and a width of 100nm as well as a 3nm thick insulator layer. 

 

The responsivity of the antenna-coupled Al-Al2O3-Al diode detector as a function 

of frequency is shown in Fig. 2.6(b). The downward trend of the responsivity at 

higher frequencies is caused by the poor coupling efficiency from the antenna to 

the diode (Fig. 2.5) as well as the frequency cut-off of the diode (fc = 25THz). 

 

2.3 Antenna Design for Wideband Terahertz Detection 

 

To realize broadband THz detectors using antenna-coupled MIM diodes, the 

antennas are required to have broad receiving bandwidth in the THz range. This 

requirement cannot be satisfied by current THz antenna designs based on 

conventional dipole and bowtie structures. Thus, there is a strong motivation for 

the engineering of new antenna designs capable of receiving broadband THz 

radiation. 

 Antennas are commonly used to enhance the receiving efficiency in 

detectors such as antenna-coupled traveling-wave photodiodes (TWPDs) [46] and 

antenna-coupled MIM diodes [2-5]. Several parameters are used to evaluate the 

performance of a receiver antenna: impedance, return loss bandwidth, gain, 
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efficiency, and radiation patterns [15]. Antenna impedance determines the 

coupling efficiency from the antenna to a fixed load such as a diode detector. 

Coupling efficiency is commonly expressed in terms of the power return loss 

which is calculated as the ratio of radiated power to the incident power [15] 

i

r

P

P
dBRL 10log10)(  .                                     (2.17) 

The return loss (in dB) is a negative value representing loss due to reflection and 

reflects the impedance matching condition between the antenna and the load. The 

frequency span over which the antenna return loss falls below -10dB is defined as 

the antenna bandwidth [15]. Antenna gain is another important parameter for 

receiver antennas and is defined as the ratio of the radiation intensity in a specific 

direction to the total power accepted by the antenna. Antenna directivity relates to 

its gain via the antenna efficiency, which is the ratio of the accepted power to the 

total incident power. For planar antennas on an integrated chip, we evaluate the 

antenna gain in the direction normal to the substrate surface, which is the 

direction of the incoming signal. The three parameters, gain, directivity and 

efficiency measure how efficiently an antenna is radiating or receiving in a 

specific direction. Antenna radiation patterns provide a visual description of its 

directivity. In general, antennas with wide bandwidth, high directivity and high 

gain are desirable for MIM diode detectors. In this section we propose and 

investigate a novel multi-arm THz antenna design based on surface modification 

of a traditional bowtie antenna with the aim of enhancing its receiving bandwidth.  

 

2.3.1 Traditional antenna surfaces 

 

Most traditional antennas are resonant antennas. They are designed for a specific 

operational frequency range around the resonant frequency, which appears as a 

dip in the return loss plot. At resonance, the antenna achieves the best impedance 

matching condition with a load. Resonant antennas are simple to design for a 

specific operational frequency but they normally have narrow bandwidths. 

 A variety of antenna surfaces has been proposed for antenna-coupled MIM 
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diode detectors, with the most widely used geometries being the bowtie antenna, 

the dipole antenna, and the spiral antenna [4]. All three antennas are balanced-arm 

antennas where the two metal arms are connected to the two metal electrodes of 

an MIM diode. These antennas are miniaturized from their microwave 

counterparts with well-known characteristics and established fabrication processes. 

Of the three popular antennas, the bowtie antenna has been the most studied [4,47] 

due to its simple geometry, high receiving efficiency, broadband performance, and 

ease of fabrication. For this reason, we will concentrate our study on the bowtie 

antenna design and its improvements.  

Fig. 2.7(a) shows a schematic of the bowtie antenna and defines the 

various parameters of the structure: the neck width D, the total arm length L, the 

arm width W and the flare angle  [15]. A thin-film bowtie antenna on a substrate 

receives radiation with effective wavelength e determined by the substrate 

permittivity. The lowest order resonant bowtie antenna has its total arm length 

equal to the effective wavelength, L= λe. Increasing the arm length will shift the 

antenna to multi-resonance condition. The impedance of a bowtie antenna is 

determined primarily by its flare angle and the arm length. Fig. 2.7(b) shows the 

surface current distribution of a bowtie antenna. The highest surface current 

density is found near the neck area and is characteristic of the bowtie geometry. 

 

 

Figure 2.7 (a) Parameters (right arm not shown) : D is the neck width, L is the total arm length, W 

is the arm width and ϴ is the arm flare angle and (b) surface current density distribution for a 

typical bowtie antenna with a flare angle of  60o. 

  

 To evaluate the performance of the conventional bowtie antenna design, 

we simulated its return loss in the frequency range from 1THz to 2.5THz using 
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the finite element method (FEM). The antenna was assumed to be Al for 

connection to the electrodes of an Al-Al2O3-Al diode. The neck width D was 

chosen to be 100nm, which is the typical width of a square MIM diode. We fixed 

the antenna flare angle at 60
o
 and considered three arm lengths L of λe, 1.5λe and 

2λe, where λe = 58μm is the effective wavelength at 1.5THz on a Si substrate 

(εSi=11.9 [44]). Assuming the antenna was connected to a typical load impedance 

of 50Ω, we plotted the return loss of the antenna as a function of frequency in Fig. 

2.8. It is seen that as the arm length is increased, more dips appear in the return 

loss spectrum due to higher-order resonances. These dips effectively widen the 

total antenna bandwidth (-10dB bandwidth). For example, the bandwidth of the 

structure with 2λe arm length is seen to increase by nearly three times that of the 

structure with λe arm length. Inspite of this, all three antennas still do not satisfy 

the requirement of a single broad bandwidth exceeding 1THz. 

 

Figure 2.8 Return loss responses of the bowtie antennas with a flare angle of 60o and arm length of 

λe, 1.5λe and 2λe (λe = 58μm). 

 

2.3.2 Improved antenna design  

 

Surface current distribution patterns affect antenna characteristics and 

performance, especially the antenna bandwidth. One way to enhance the antenna 

bandwidth is by achieving proper surface current redistribution via surface 

engineering or geometrical modification. In some situations, a change of the 
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antenna surface will result in new resonant frequencies and multiple resonances 

can be tuned and merged to form a wider effective bandwidth. 

 There have been attempts to geometrically enhance the performance of 

bowtie antennas. One example is a bowtie antenna with reconfigurable radiation 

patterns by connecting multiple bowtie antennas into a ceiling-fan configuration 

[48]. With proper excitation of individual bowtie antennas and choosing the 

appropriate number of units, the new antenna could be controlled to have its 

radiation profiles tuned towards specific directions. In another example a wired 

bowtie antenna is reconfigured by connecting multiple dipole antennas into the 

shape of a rake with a flare angle separating two adjacent dipole antennas [49]. 

With proper adjustment of the flare angles, the new antenna was demonstrated to 

have less reflection and enhanced transmitted fields compared to a single dipole 

antenna [49]. In either example, a new antenna is constructed from an array 

arrangement of multiple unit antennas. The enhanced performance of the new 

antenna was caused by the array effect rather than the geometrical change of a 

single antenna.   

 

 

Figure 2.9 Schematic of a triple-arm bowtie antenna, each smaller arm has a flare angle of 20o and 

the spacing angle between two smaller arms is defined as the split angle Φ. 

  

 Our proposed antenna design is based on engineering the surface current 

redistribution of the bowtie antenna to enhance the antenna bandwidth. Our 

design, which we call the split-arm configuration and shown in Fig. 2.9, has the 

shape of a multi-arm bowtie antenna with a split angle Φ separating two adjacent 

arms. For example, instead of a single-arm bowtie antenna with a flare angle of 

60
o
, the new antenna can be constructed with three smaller arms having a flare 

angle of 20
o
 and a split angle Φ between two arms. Each arm is characterized by 
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the same parameters of a conventional bowtie antenna. Since the arms are 

connected together, they receive the same excitation simultaneously. 

 In the split-arm configuration, the split angle Ф, the flare angle  and the 

number of arms control the degree of surface current redistribution. These 

parameters can be adjusted to realize wideband antenna performance. Below we 

summarize the results of our study on the effects of the number of arms and the 

split angles on the antenna bandwidth performance. More detailed study of other 

antenna parameters is presented in Appendix A. 

 

(a) Effect of the number of bowtie arms 

 

Fixing the antenna arm length at L = 1.5e and the split angle Ф at 15
o
, for each 

flare angle  of 15
o
, 20

o
 and 30

o
, we increased the number of arms until a total 

effective flare angle of 60
o
 was reached.  

 

 

Figure 2.10 Plots of arm assembly effects on the antenna return loss bandwidth performance (with 

a 50Ω load) for multi-arm bowtie antennas with unit arm flare angle of (a) 15o, (b) 20o and (c) 30o. 
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Fig. 2.10 plots the return loss bandwidth for each flare angle with increasing 

number of arms. All three cases show that as the number of arms is increased, the 

return loss bandwidth becomes broadened due to improved impedance matching 

to the load (assumed to be 50). If we regard the split-arm antenna as multiple 

single-arm antennas in parallel, each equivalent to a load, then it is clear that 

increasing the number of arms (or loads) in parallel has the effect of reducing the 

total load impedance. This can also be seen from the surface current distributions 

in Fig. 2.11 for antennas with a 15
o
 flare angle and number of arms increased from 

1 to 4. It is seen that the surface current density in the feeding neck area increases 

with the number of arms. Since the total power is constant, the high current 

density implies that lower impedance is achieved. 

 

 

Figure 2.11 Surface current distributions for multi-arm bowtie antennas 1×15o, 2×15o, 3×15o, and 

4×15o with 1.5λe effective arm length at 1.5THz. 

 

(b) Effect of the split angle 

 

Fixing the antenna arm length at L = 1.5e and the number of arms at 4, for each 

flare angle  of 15
o
, 20

o
 and 30

o
 we varied the split angle Ф. Fig. 2.12 shows the 

return loss bandwidth for different values of the split angle. It is seen that as the 

split angle is increased, a broader return loss bandwidth is achieved. As shown in 

Fig. 2.13 for the antenna with a fixed flare angle of 15
o
, increasing the split angle 

from 5
o
 to 15

o
 leads to an increase in the total surface current density at the 

feeding neck area, thereby lowering the antenna impedance at constant power. 
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Figure 2.12 Plots of return loss bandwidth (with a 50Ω load) for multi-arm bowtie antennas with 

unit arm flare angle of (a) 15o, (b) 20o and (c) 30o with different split angles. 

 

 

Figure 2.13 Surface current distributions for multi-arm bowtie antennas 4×15o at split angles of (a) 

5o, (b) 10o, and (c) 15o. 

 

(c) Summary of split-arm antenna performance 

 

For an effective flare angle of 60
o
 and an antenna arm length of 1.5λe, there is a 

combination of flare angle, number of arms, and split angle that will give 

optimum antenna performance. A comparison of the different combinations will 
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help us choose the optimum design to achieve the desired antenna characteristics. 

For the effective arm length of 1.5λe, we compare three different configurations: 

4×15
o
, 3×20

o
 and 2×30

o
 at their optimum split angles. Comparisons are made in 

terms of the antenna impedance and return loss bandwidth as given in Fig. 2.15 

(similar results for the λe and 2λe cases and other antenna parameters will be given 

in Appendix A). 

 

 
  
Figure 2.14 Plots of (a) reactance (dashed), resistance (solid) and  (b) return loss bandwidth S11for 

Bowtie, 2×30o, 3×20o and 4×15o multi-arm antennas. 

  

 Multi-arm antennas generally exhibit lower reactance and resistance 

compared to traditional single-arm bowtie antennas. This is primarily a 

consequence of the parallel connection of the multi-arms. Also, the impedance 

frequency response of a multi-arm antenna has less fluctuation compared to the 

response of a traditional bowtie antenna. As the impedance response flattens out, 

the effective antenna bandwidth also increases.  

 For a given effective flare angle and antenna arm length, there is a 

combination of flare angle and split angle that gives the optimum antenna 

performance. Table 2.1 summarizes the optimum designs and bandwidths for 

antennas with 60
o
 effective flare angle and arm lengths of λe, 1.5 λe and 2λe. Of 

particular note is the 15
o
×4 antenna design with L = 2λe, which has a bandwidth 

exceeding 1THz and can thus support wideband THz applications.  
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Table 2.1 Total or (single-resonance) return-loss bandwidths for the multi-arm bowtie antennas in 

the frequency range from 1THz to 2.5THz and with optimum split angels. 

Antenna Bowtie 30
o
×2 20

o
×3 15

o
×4 Increase % 

λe 

 

316GHz 

(266GHz) 

544GHz 

(341GHz) 

Ф = 40
o
 

545GHz 

(335GHz) 

Ф = 15
o
 

650GHz 

(650GHz) 

Ф = 15
o
 

105% 

(144%) 

1.5λe 

 

476GHz 

(225GHz) 

731GHz 

(479GHz) 

Ф = 35
o
 

894GHz 

(865GHz) 

Ф = 15
o
 

968GHz 

(858GHz) 

Ф = 15
o
 

103% 

(284%) 

2λe 

 

706GHz 

(226GHz) 

876GHz 

(349GHz) 

Ф = 25
o
 

1243GHz 

(1039GHz) 

Ф = 15
o
 

1297GHz 

(1051GHz) 

Ф = 10
o
 

84% 

(365%) 

 

 In summary, the results of our study suggest that with a proper choice of 

the number of arms, flare angle and split angle, multi-arm antennas can be 

realized for wideband operation. These antenna designs can also be scaled to 

operate at higher frequencies into the infrared. For example, Fumeaux et al. [4] 

demonstrated miniaturized antennas operating at 30THz and Zhong et al. [50] 

studied the characteristics of plasmonic bowtie antenna at 1.55μm wavelength. 

Additionally, antennas with higher order resonances can be used in the upper THz 

frequency range instead of antennas with a single resonance. At higher 

frequencies, antennas with higher order resonances are not required to obtain a 

smaller physical size which makes fabrication easier. 

 

2.4 Summary 

 

In conclusion, our analysis in this chapter shows that the overall performance of 

an antenna-coupled MIM diode detector is predominantly limited by the MIM 

junction in terms of its high impedance and low responsivity. With the new multi-

arm antenna geometry, we were able to design antennas for wideband operation 

when connected to a 50Ω load. The proposed antenna geometry can provide a 

wide single-resonance bandwidth of over 1THz, which is a significant 
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improvement compared to traditional bowtie antennas. On the other hand, 

impedance mismatch between the antenna and the diode remains an unresolved 

problem. It is not likely that planar antennas can achieve the high impedance of 

current diodes, and it is difficult to fabricate diodes with low junction resistance. 

In addition, the cut-off frequency of antenna-coupled MIM diodes is still 

restricted by the requirement of small diode junction areas while the responsivity 

of the detector is restricted by the poor coupling efficiency from the antenna to the 

diode. In the next chapter we investigate MIM diode detectors based on the 

traveling-wave structure that allows both high responsivity and wide bandwidth to 

be achieved. 
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Chapter 3 

 

Theoretical Analysis of MIM Nanoplasmonic Waveguides
1
 

 

3.1 Introduction 

 

In the previous chapter we saw that the impedance mismatch between an MIM 

diode junction and the antenna is currently a major challenge which prevents the 

simultaneous achievement of high responsivity and wide bandwidth performance. 

One way to overcome this problem is to use the traveling-wave design, which is 

commonly employed for semiconductor photodiodes to enhance their electrical 

bandwidth [51-52]. Traveling-wave MIM (TW-MIM) detectors have been 

theoretically studied by Grover et al. [26] to overcome the optical bandwidth 

limitation of lumped MIM diodes for CW rectification. In a TW-MIM detector, 

the MIM structure acts as a waveguide which supports the propagation of both the 

detected optical signal as well as the rectified signal. The TW-MIM diode 

structure offers three advantages over the lumped MIM junctions: 

(1) Electromagnetic waves propagate in a TW-MIM structure in certain modes 

and experience modal characteristic impedance instead of the lumped 

impedance of the MIM junction. The modal characteristic impedance can 

be designed to match with the impedance of a typical antenna (e.g., 50Ω) 

[4,15,26] by proper choice of the waveguide dimensions [26]. The ability 

to achieve impedance matching greatly enhances the coupling efficiency 

from the antenna to the MIM waveguide. 

(2) The MIM waveguide supports wave propagation in the fundamental TM 

mode with no cutoff condition [26,29]. As a result, the TW-MIM detector 

has extremely wide detection bandwidth from DC up to the infrared 

frequencies. 

                                                             
1
 Part of this work has been published by X. Lei et al. in IEEE Photonics Conference (IPC) 2012, pp. 953-954, Sept. 

2012 and presented in IEEE Photonics Conference 2012, Nanoplasmonic II session, Sep 23-27, 2012, Burlingame, CA, 

USA. 
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(3) As the optical signal propagates along the MIM waveguide, it is also being 

rectified by the MIM junction. The increase in the interaction length 

results in higher detector responsivity compared to lumped MIM diodes 

[26]. 

 

 As mentioned above, TW-MIM detectors have been investigated for 

overcoming the RC-limited detection bandwidth of lumped MIM diodes, thereby 

enabling the rectification of CW signals up to the optical frequencies. In this 

chapter we investigate the use of the traveling-wave structure for broadening the 

electrical bandwidth of MIM detectors. In other words we are interested in the 

potential application of TW-MIM detectors in ultrafast optical pulse rectification 

leading to single-cycle THz pulse generation. With the ultrafast electron tunneling 

time in the order of 10
-16

-10
-15

s [6], TW-MIM detectors can potentially provide 

extremely broad electrical bandwidths unmatched by semiconductor traveling-

wave photodetectors (TWPDs), whose response is limited by the electron transit 

time [51-52]. 

 In our analysis of the TW-MIM structure for ultrafast pulse rectification, 

we treat the MIM structure as a nonlinear metallic waveguide with an effective 

nonlinear conductivity arising from the nonlinear current-voltage characteristic of 

the MIM junction. At optical frequencies, with suitable choice of the metal, the 

MIM waveguide can also support surface plasmon polariton (SPP) propagation 

[8]. In this case the TW-MIM structure acts as a nonlinear nanoplasmonic 

waveguide which can be used for novel applications such as frequency conversion 

on a plasmonic chip.  

 This chapter focuses on the theoretical analysis of nonlinear MIM 

nanoplasmonic waveguides in which the nonlinearity arises from electron 

tunneling. The coupled mode theory (CMT) given in [53-56] is modified and used 

to analyze nonlinear CW rectification, CW second-order harmonic generation, 

CW frequency mixing, pulse propagation, pulse rectification and frequency 

mixing in the MIM nanoplasmonic waveguide. We choose the Al-Al2O3-Al 

material system for the MIM waveguide structure since the current-voltage 
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characteristics of this junction are well characterized [38-39], as presented in 

chapter 2. However, our method of analysis can readily be applied to MIM 

nanoplasmonic waveguides composed of other material systems. 

 The rest of this chapter is organized as follows. Section 3.2 provides an 

overview of linear MIM nanoplasmonic waveguides and their characteristics. 

Section 3.3 incorporates the nonlinear conductive model derived from electron 

tunneling into the MIM waveguide analysis. Section 3.4 presents analytical results 

for CW signal rectification, second harmonic generation and frequency mixing in 

the MIM waveguide. In Section 3.5, the coupled mode theory is used to analyze 

nonlinear pulse propagation and frequency mixing in the MIM nanoplasmonic 

waveguide. Concluding remarks will be given in Section 3.6. 

 

3.2 Linear Propagation Characteristics of MIM Nanoplasmonic 

Waveguides 

 

At optical frequencies, electromagnetic waves propagating along a metal-

dielectric interface can excite surface plasmon polaritons (SPPs). SPPs result from 

the coupling of electromagnetic waves to electron plasma (or electron gas) 

oscillations at the metal surface, which propagates along the metal-dielectric 

interface as a surface mode [27,57]. Various types of plasmonic waveguides have 

been proposed, such as long range SPP waveguides [58], dielectric loaded SPP 

waveguides [27], and metal-insulator-metal (MIM) waveguides [28]. However, 

among these structures only the MIM waveguide can support electromagnetic 

wave propagation at the deep sub-wavelength scale [27,29] since the mode is 

primarily confined within the insulator layer which can be reduced to a few 

nanometers thick.  

 With such a thin insulator layer, electron tunneling begins to occur 

between the two metal layers, giving rise to an effective nonlinear conductivity in 

the MIM waveguide which can be used for optical rectification and frequency 

generation. In this section we will discuss the linear propagation characteristics of 

MIM nanoplasmonic waveguides.  
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3.2.1 Dispersion characteristics of MIM nanoplasmonic waveguides 

 

Surface plasmon polariton (SPP) propagation at a metal-dielectric interface is 

illustrated in Fig. 3.1(a) as coupled electromagnetic field to electron oscillations. 

The SPP field propagates in the x direction while decays evanescently away from 

the metal-dielectric interface in the z direction. At the interface of the two half 

spaces (metal and dielectric), the dispersion relation of the propagation of SPPs is 

governed by [29]  

md

md
ok







 ,                                            (3.1) 

where ko is the free space wave number, εd is the relative permittivity of the 

dielectric material, εm is the relative permittivity of the metal material, and β is the 

propagation constant of the SPP field propagating along the metal-dielectric 

interface. 

 

 

 

Figure 3.1 (a) Illustration of excited surface plasmon polariton (SPP) at a metal-dielectric 

interface, (b) 3D and (c) 2D (X-Z plane cut) schematics of the Al-Al2O3-Al nanoplasmonic 

waveguide with 200nm thick Al layers on both sides and 3nm thick Al2O3 layer. 

 

 A MIM nanoplasmonic waveguide is constructed with an insulator layer 

sandwiched between two metal layers and it supports the propagation of coupled 
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SPPs from two metal-dielectric interfaces. The linear propagation characteristics 

of an MIM nanoplasmonic waveguide are given by its dispersion and modal field 

profiles. Fig. 3.1(b) shows a schematic of an Al-Al2O3-Al MIM nanoplasmonic 

waveguide with 200nm thick metal layers and 3nm thick Al2O3 layer. Since the 

waveguide width is much larger than the insulator gap thickness, the field 

distribution of the fundamental mode along the y-direction can be considered to 

be constant. This approximation allows us to reduce the 3D waveguide structure 

in Fig. 3.1(b) to a 2D slab waveguide shown in Fig. 3.1(c). 

 We are interested in the fundamental transverse magnetic (TM) mode with 

the electric field Ez directed across the insulator gap to drive the electron 

tunneling. The transverse magnetic field Hy of the waveguide mode is given by 

the Helmholtz equation  

,                                 (3.2a) 

where εr is the relative permittivities of the three waveguide layers, and β is the 

waveguide propagation constant. By solving Eq. 3.2a in the different layers and 

applying the continuity boundary conditions for the tangential field components 

Ex and Hy, we obtain the dispersion relation [29]  
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In the above equation, d is the thickness of the insulator layer, and ki is the 

transverse (z-direction) propagation constant in layer i (as denoted in Fig. 3.1(c)) 

and is related to the propagation constant β via 
ioi kk  222  . 

 We solved Eq. 3.2b for the propagation constant of the Al-Al2O3-Al 

plasmonic waveguide with parameters d = 3nm, ε(Al2O3) = 4.29 [44] and ε(Al) 

taken from [59-60]. Fig. 3.2 plots the phase velocity and the propagation length of 

the waveguide at frequencies from microwave to infrared. (The propagation 

length is defined as Lp = 1/α (attenuation constant).) The plot shows strong 

frequency dispersion in both the phase velocity and propagation loss. The rapidly 

decreasing propagation length with increasing frequency indicates that the 

plasmonic waveguide becomes substantially more lossy at higher frequencies. 
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Figure 3.2 Plots of phase velocity (left) and propagation length (right) dispersion characteristics of 

the Al-Al2O3 (3nm)-Al nanoplasmonic waveguide from microwave to infrared [61]. 

 

 The Hy field distribution of the fundamental TM mode obtained from the 

solution of Eq. 3.2a and is plotted in Fig. 3.3(a) at the 1.55µm wavelength. From 

the solution for Hy, we can also determine the field profiles for the electric field 

components Ez and Ex from Maxwell’s equations. The results are shown in Figs. 

3.3(b) and (c). The field components Ez and Hy are observed to have symmetric 

field profiles with respect to the center of the insulator layer while the Ex 

component is antisymmetric. Note also that the Ez field is strongly confined in the 

insulator gap, yielding a maximum voltage drop across the potential barrier which 

enhances the electron tunneling probability. 

 

Figure 3.3 Transverse z-direction profiles in the Al-Al2O3-Al MIM nanoplasmonic waveguide (Fig. 

3.1) for field components: (a) Hy, (b) Ex, (c) Ez, and (d) power distribution Px(z) at the wavelength 

of 1.55μm. The plots are zoomed to show the fields in waveguide central area. 
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 Another interesting aspect of the MIM plasmonic waveguide is the large 

power confinement. Since the fields are relatively constant across the waveguide 

width (the y-direction), we can calculate the transverse power distribution of the 

waveguide from 

,                                    (3.3) 

where w is the width of the waveguide. Fig. 3.3(d) shows the transverse power 

distribution of the Al-Al2O3-Al waveguide at the 1.55μm wavelength. It is clear 

that the power is strongly confined within the insulator layer.  

 The power confinement factor of the MIM waveguide is defined as the 

ratio of the power confined in the insulator gap to the total power in the 

waveguide [62] 

%100% 
total

gap

P

P
F .                                       (3.4) 

Using the above formula we determined the power confinement in the Al-Al2O3-

Al waveguide to be more than 95% over the frequency range from microwave to 

the optical frequencies. The strong power confinement and approximately 

constant Ez field distribution across the insulator gap allow us to treat nonlinear 

wave propagation in the MIM nanoplasmonic waveguide as a one-dimensional 

problem in our theoretical analysis in Section 3.3. 

 

3.2.2 Antenna coupling efficiency to MIM nanoplasmonic waveguides  

 

To achieve high coupling efficiency from an antenna to the MIM waveguide, we 

need to match the impedance of the antenna to the characteristic impedance of the 

MIM waveguide instead of its junction resistance. As we will show in this section, 

the MIM waveguide has much lower characteristic impedance than the junction 

resistance, thereby enabling close to 100% antenna coupling efficiency to be 

achieved. 

 In analogy to transmission lines, the characteristic impedance of the MIM 

nanoplasmonic waveguide can be calculated from its equivalent voltage V and 


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surface current density I [63]. Since the MIM waveguide supports only the 

fundamental TM mode, its equivalent voltage and current density can be obtained 

from direct integration of the transverse field components. The characteristic 

impedance is calculated from [63] 











dlH

dzE
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1 .                                          (3.5) 

As seen in Fig. 3.3(c), the transverse electric field Ez exists mainly inside the 

insulator layer and is constant over this region, so we can approximate the top 

integral in Eq. 3.5 by V = Ezd. Similarly, we can approximate Hy to be constant 

over the waveguide width w and zero outside, which allows the integral over Hy to 

be approximated by I = Hyw. In addition, Ez and Hy are related by Ez=βHy/ωεdεo, 

where εd is the relative permittivity of the insulator. Eq. 3.5 thus gives 

w
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 .                                            (3.6) 

 For the Al-Al2O3-Al nanoplasmonic waveguide with 3nm thick insulator, 

the characteristic impedances for the frequency span from sub-THz to optical 

frequencies for two waveguide widths of 50nm and 100nm are plotted in Fig. 

3.4(a). The plot shows that the characteristic impedance of the MIM 

nanoplasmonic waveguide is much smaller than the MIM junction resistance 

(which is in the KΩ-MΩ range [16-17]). More importantly, it can be designed to 

perfectly match with the impedance of a planar antenna (typically 50Ω) by proper 

choice of the waveguide width.  

 The coupling efficiency from an antenna to the MIM waveguide is given 

by 

2)(

4

MIMA

MIMA
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ZR

ZR


 .                                         (3.7) 

The coupling efficiency from a 50Ω antenna to the Al-Al2O3-Al nanoplasmonic 

waveguide is plotted in Fig. 3.4(b) for two waveguide widths of 50nm and 100nm. 

Very higher coupling efficiency exceeding 92% is achieved for the 50nm wide 
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waveguide over the frequency span from microwave to the optical frequencies.  

  

Figure 3.4 Plots of (a) characteristic impedance of an Al-Al2O3-Al MIM nanoplasmonic 

waveguide with waveguide width of 100nm (and 50nm) and insulator layer thickness of 3nm and 

(b) coupling efficiency from an antenna (50Ω) to the Al-Al2O3-Al nanoplasmonic waveguide with 

waveguide width of 100nm (and 50nm)  from sub-THz to the infrared. 

 

 Besides impedance matching, the MIM nanoplasmonic waveguide is also 

required to achieve mode matching with the antenna. From the field profiles in 

Fig. 3.3(b), the TM mode is seen to have an anti-symmetric longitudinal electric 

field (Ex) distribution [26], which matches with the anti-symmetric current 

distributions of a balanced-arm antenna. As a result, the MIM nanoplasmonic 

waveguide also has good mode matching with the receiver antenna [26]. 

 

3.3 Nonlinear Conductivity Model of MIM Waveguides in the 

Presence of Electron Tunneling 

 

To study wave propagation in an MIM nanoplasmonic waveguide in the presence 

of electron tunneling, we model the nonlinear tunneling process by prescribing an 

effective nonlinear conductivity to the insulator layer. Due to the ultrafast electron 

tunneling time in the order of 10
-16

-10
-15

s [6], the nonlinear conductive process 

can be considered to be instantaneous. From the nonlinear J-V curve of the MIM 

tunneling junction, we derive a nonlinear constitutive relation for the current 

density Jz as a function of the transverse electric field Ez in the insulator as 
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2
21)( zzz EEEJ   ,                                        (3.8) 

where σ1 (Ω
-1

/m) represents the linear ohmic loss and σ2 (Ω
-1

/V) is the differential 

conductivity responsible for second-order nonlinear processes such as 

rectification and second harmonic generation. These conductivity parameters are 

computed by applying central finite-differencing schemes to the semi-classical 

J(V) curve around the bias point Vbias as: 
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In the above, Vω is the equivalent AC voltage induced by the illumination and is 

given by Vω = Ezd, assuming constant Ez field across the insulator gap d.  

 Using the semi-classical J-V curve for an Al-Al2O3-Al junction with 3nm, 

2.5nm and 2nm thick insulator gaps, we computed the conductivity parameters σ1 

and σ2 for different junction bias voltages at a fixed illumination wavelength of 

1.55μm. The results are plotted in Fig. 3.5, which indicates that higher nonlinear 

conductivity σ2 can be achieved by using a higher bias voltage, although the linear 

ohmic loss σ1 also increases with the bias.  

 

Figure 3.5 Plots of the conductivity parameters (a) σ1, and (b) σ2 at different bias voltages for an 

Al-Al2O3-Al MIM diode with a barrier width of 3nm, 2.5nm and 2nm and barrier height of 2eV. 

 

As the junction gap thickness decreases, both σ1 and σ2 increase and demonstrate 

similar change trends. Thus, we focus our analysis on a junction gap thickness of 
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3nm. At a bias voltage of 0.1V and junction gap thickness of 3nm, the 

conductivity values are σ1 = 4×10
-2

Ω
-1

/m and σ2 = 3.5×10
-10

 Ω
-1

/V. The quadratic 

J-V curve fit using Eq. 3.8 is plotted in Fig. 3.6, showing good agreement with the 

semi-classical J-V curve of the MIM junction. 

 

Figure 3.6 Plots of the semi-classical (illuminated) J-V characteristics of an Al-Al2O3-Al MIM 

diode with a barrier width of 3nm and barrier height of 2eV (Fig. 2.2) and the J-V quadratic fit 

around the bias voltage of 0.1V. 

 

 

Figure 3.7 Plot of the nonlinear conductivity σ2 at different frequencies and a bias voltage of 0.1V 

of an Al-Al2O3-Al MIM diode with a barrier width of 3nm and barrier height of 2eV. 

 

 In addition to the bias voltage dependence, we also study the frequency 

dependence of the second-order nonlinear conductivity σ2 by calculating its values 

at different illumination wavelengths at a fixed bias voltage of 0.1V. Fig. 3.7 
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shows the result for the frequency span from 2THz to 200THz. It is seen that the 

nonlinear conductivity increases only slightly over a large frequency range from 

THz to infrared. 

 The nonlinear constitutive relation in Eq. 3.8 will be used to model the 

electron tunneling process across the MIM junction in all our subsequent 

theoretical and numerical analyses of nonlinear wave propagation in MIM 

plasmonic waveguides. 

 

3.4 CW Propagation in Nonlinear MIM Nanoplasmonic 

Waveguides 

 

In this section we present a theoretical analysis of nonlinear wave propagation in 

MIM nanoplasmonic waveguides based on the nonlinear conductivity model 

derived in the previous section. Using the Coupled Mode Theory (CMT), we 

investigate the second-order nonlinear processes of optical rectification and 

second harmonic generation under continuous wave (CW) excitation. The 

analytical derivations given in the rest of this chapter is based on works done by 

Kothari [54] and Yariv and Yeh [53]. 

 Rectification of a CW signal in a TW-MIM detector has been studied by 

Grover et al. [26] using a distributed circuit model of the waveguide. Assuming 

that rectification causes no depletion of the input signal, the authors derived an 

expression for the rectified DC current Idc in the TW-MIM detector as 
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In the above, Vω is the equivalent AC voltage of the illuminating signal at the 

input of the MIM waveguide, Rdiode is the responsivity of the lumped MIM diode 

and is given by Eq. 2.15b, RD/S is the resistance per unit area of the MIM junction, 

α is the attenuation constant of the waveguide, W and L are the width and length 

of the waveguide, respectively. The responsivity of the detector is given by 

optical
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45 
 

where Poptical is the input optical power. The above analysis is based on the 

distributed lumped circuit model of the TW-MIM detector, which treats the MIM 

waveguide as an array of lumped MIM diodes connected in series. Our following 

analysis will be more rigorous in that it is based on nonlinear wave propagation in 

the MIM waveguide and will be derived from the coupled wave equations. 

 

3.4.1 Nonlinear CW wave propagation and rectification 

 

Since the mode in the MIM waveguide is a quasi transverse electromagnetic 

(quasi-TEM) mode with the transverse electric field Ez strongly confined inside 

the gap layer, we can approximate the waveguide as a one-dimensional (1D) 

medium with an effective permittivity εR and conductivity σe. The wave equation 

for propagation in the 1D nonlinear medium is given by  
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where c is the speed of light in vacuum. The effective permittivity R and linear 

conductivity e can be computed from the propagation constant γ of the MIM 

waveguide, which is given by 
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where ko is the free space wave number.  

 In the 1D effective medium, the field is a plane wave propagating in the x 

direction. For CW wave propagation, the field components are expressed as 

.}.)({
2
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),(

~ )( ccexEtxE txj   ,                             (3.15) 

where E(x) represents the slowly varying field envelope of the wave along the 

propagation direction and  is the real part of the propagation constant . 

Substituting Eq. 3.15 into Eq. 3.13 and retaining only fields with exp(-jt) 

dependence (assuming an input CW frequency of ), we obtain the equation for 

the field envelope (detailed analysis is provided in Appendix B) 
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Using the slowly varying envelope approximation, the second order derivative can 

be neglected and Eq. 3.16 is simplified into 
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With E2 << E1, the term which contributes to the input signal due to the second 

order nonlinear conductive effect is negligible compared to the input signal. We 

have the condition that  

|||| *
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Eq. 3.17 is further simplified into 
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where P1 is the peak power of field E1, Eq. 3.19 becomes 
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which has the solution  
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where C1 is an arbitrary constant. The solution for E1(x) is then  
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The tunneling current density given by Eq. 3.8 has a DC component of 
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The total rectified DC current Idc is obtained by integrating Eq. 3.24 over the 

waveguide length 
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 ,                            (3.25) 

where W is the width and L is the length of the MIM waveguide. Putting Eq. 3.23 

into Eq. 3.25 and using the approximation E(0)=Vo/d, where Vo is the peak voltage 

drop across the insulator gap induced by the incident signal at the input end of the 

waveguide, the total rectified DC current is obtained as (replace E1 by E and α1e 

by αe) 
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where αe is the effective attenuation constant which also takes into account loss 

due to electron tunneling. Comparing Eq. 3.26 with Eq. 3.11, we find that they 

give the same exponential dependence of the rectified current on the propagation 

distance. We also notice that they depend on the same MIM junction parameters. 

Relating Eq. 2.6b, Eq. 2.15b, Eq. 3.9 and Eq. 3.10, we find that the diode 

responsivity diode  and per unit area resistance RD/S are related to the nonlinear 

conductivity parameters σ1 and σ2 as   
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where d is the thickness of the diode insulator layer and A is diode junction area. 

Putting Eqs. 3.27a and 3.27b into Eq. 3.11b, we obtain 
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Comparing Eq. 3.28 and Eq. 3.26, we find that they are identical except for the 

use of the effective waveguide attenuation constants α and αe where αe takes into 

account loss due to electron tunneling while α doesn’t.  
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 Assuming a typical planar antenna impedance of 50Ω, we compare the 

responsivity of the MIM waveguide detector with a lumped MIM diode detector. 

Both devices have a gap thickness of 3nm. The waveguide width is 100nm while 

the MIM diode has an area of 100 × 100 nm
2
. The responsivities are plotted in Fig. 

3.8 assuming unity coupling efficiency and a waveguide length of 3Lp at the 

respective frequency. The analytical result computed using Eq. 3.11 is also plotted 

for comparison. 

 

Figure 3.8 Responsivity of the antenna-coupled Al-Al2O3-Al waveguide detector with a 3nm Al2O3 

layer and 100nm waveguide width at unity coupling efficiency from an antenna with impedance of 

50Ω and a waveguide length of 3Lp at the respective frequency. (Results for the lumped Al-Al2O3-

Al diode with an area of 100 × 100 nm2 and results from [26] are also provided as reference.) 

  

 Compared to the lumped MIM diode, the MIM waveguide exhibits much 

higher responsivity at frequencies below and above the corner frequency around 

20THz. Near the corner frequency, which is where the semi-classical model for 

the diode resistance approaches the classical model as seen from Fig. 2.4, the 

responsivities of both devices approach each other. This corner frequency is also 

close to the cut-off frequency of the lumped diode (25THz) where its responsivity 

begins to drop rapidly. We also note that the responsivity curve of the MIM 

waveguide slowly levels off at high frequencies. This result indicates that the 

MIM waveguide detector experiences no frequency cut-off and the slightly 
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decreasing responsivity at high frequencies is caused by increased waveguide loss. 

It is also clear that the MIM waveguide detector can still have very high 

responsivity at the optical frequencies while the lumped device cannot.  

 We also notice that result obtained by Grover et al. agrees well with our 

analysis. The agreement of these two results indicates that loss caused by electron 

tunneling is negligible as compared to metal absorption. In this case, the 

traveling-wave analysis is as valid as the distributed circuit modeling. 

 

3.4.2 Two wave coupling in nonlinear MIM waveguides 

 

In this section we derive the coupled mode equations for the mixing of two waves 

at frequencies 2 and 3 to generate two new waves at the sum and difference 

frequencies, ω1 = ω3 - ω2 and ω4 = ω3 + ω2. The total electric fields at the four 

frequencies involved are 
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where Ei(x) (i=1 to 4) represents the slowly varying envelope of the i frequency 

component. Substituting Eqs. 3.29 into Eq.3.13 and using the conditions (with  E4 

<< E2 and E1 << E3, the terms which contribute to the input signals due to second 

order nonlinear conductive effects are negligible compared to the input signals) 
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we obtain a set of coupled equations (detailed derivations in Appendix B): 

xjoeo eEEE
x

E )
123

(*
23

1

21
1

1

111

22









 





,           (3.31a) 



50 
 

2

2

222

2
E

x

E eo









,                                                           (3.31b) 

3

3

333

2
E

x

E eo









,                                                           (3.31c) 

xjoeo eEEE
x

E )
432

(

32

4

24
4

4

444

22









 





.       (3.31d) 

Defining the parameters 
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and the coordinate transformation  
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where Pi is the peak power of each field and n is the effective index, Eqs. 3.31 

become 
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To solve the above equations, we first obtain the solutions for A2 and A3 in Eqs. 

3.33(b-c): 

x
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We then substitute the above solutions into Eqs. 3.33a and 3.33d for A1 and A4. 
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Following the approach in Appendix B and the use of integrating factors, the 

solutions for A1 and A4 with the initial conditions E1(0) = 0 and E4(0) = 0 are  
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The above equations show that the generated E1 and E4 waves have an 

exponential dependence on the propagation distance via the loss coefficients i. 

The factor involving i gives the effect of phase mismatch. Below we consider 

separately the cases of rectification, second harmonic generation, and sum and 

difference frequency generation.  

 

(a) Rectification and second harmonic generation  

 

For the cases of optical rectification and second harmonic generation we set 2 = 

3 =  and 4 = 2 in Eqs. 3.34b and 3.35b to obtain 
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The above equations describe the amplitudes of the input CW and second 

harmonic waves as functions of the MIM waveguide length. It is also clear that 

the amplitude of the second harmonic signal has a quadratic dependence on the 

field amplitude of the input signal. For an input CW signal at wavelength λ2 = 

1.55μm and peak field amplitude E2(0) = 3.33×10
7
V/m (average power of 

0.362mW), the field amplitudes of the fundamental and second harmonic signals 

are plotted as functions of the propagation distance in Fig. 3.9. It is seen that the 
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fundamental wave decays monotonically, which is mainly due to waveguide loss. 

The second harmonic signal reaches a maximum value before decreasing 

exponentially. This behaviour is due to the competing effects of frequency 

conversion and waveguide loss. Due to the very short propagation distance in the 

MIM waveguide, the effect of phase mismatching between the ω and 2ω waves 

can be neglected from our analysis. At short propagation distance, the conversion 

rate is higher than the waveguide loss and the second harmonic wave increases 

rapidly. As the distance increases, the fundamental wave becomes attenuated, the 

conversion rate decreases rapidly so the second harmonic wave also begins to 

decrease. The plot in Fig. 3.9(b) indicates that there is an optimum waveguide 

length at which maximum second harmonic generation efficiency can be achieved. 

 

Figure 3.9 Theoretical plots of field amplitudes of (a) input signal, and (b) second harmonic signal 

as a function of propagation distance. The input CW signal has peak field amplitude of 

3.33×107V/m at 1.55μm wavelength. 

 

 The generation of second harmonic frequency based on second-order 

nonlinear conductivity is similar to second harmonic generation in a medium with 

nonlinear susceptibility χ
(2)

. In the former case the new frequency component 

arises from a nonlinear tunneling current while in the latter case it arises from a 

nonlinear polarization current. In the χ
(2) 

medium, the polarization current has an 

amplitude of  
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Typical bulk media such as crystalline quartz have χ
(2)

 of 10
-12

m/V [64], while 

some particularly good crystals such as GaAs can exhibit large χ
(2)

 in the order of 

10
-10

m/V [65]. Assuming a typical value of χ
(2)

 = 10
-12

m/V, the nonlinear 

polarization current induced by an incident CW signal at the 1.55μm wavelength 

and peak field amplitude of 3.33×10
7
V/m is  

272)2( /104.22|| mAEJ op   .                     (3.37b) 

In the MIM waveguide, the nonlinear tunneling current is modeled as 

.                                            (3.37c) 

Assuming the calculated σ2 = 3.5×10
-10

 Ω
-1

/V from Section 3.3 at Vbias = 0.1V, we 

obtain for the same incident CW wave at 1.55μm and peak field amplitude 

3.33×10
7
V/m  

262
2 /104.0|| mAEJNL  .                             (3.38) 

The above results indicate that in general the χ
(2)

 nonlinear effect is stronger by 

two orders of magnitude than the second order nonlinear conductive effect in the 

MIM waveguide [66]. Note, however, that we can enhance the nonlinear 

conductive effect by biasing the MIM junction at higher voltages. 

  

(b) Sum and difference frequency generation  

 

To investigate the behaviour of the MIM waveguide for sum and difference 

frequency generation, we assumed incident wavelengths λ2 = 1.55μm and λ3 = 

1.5μm with field amplitudes E2(0) = 1.18×10
7
V/m and E3(0) = 1.18×10

7
V/m (so 

that the maximum voltage drop across the gap layer will not exceed 0.1V which is 

the bias voltage for the waveguide). We calculated the field amplitudes of the 

different frequency components and plotted them in Fig. 3.10. The two input CW 

signals (Fig. 3.10(a)) decay monotonically due to waveguide loss while the 

frequency difference and frequency sum signals achieve peak field amplitudes at 

optimum waveguide lengths (Fig. 3.10(b)). These behaviours are similar to that of 

the second harmonic generation. We also note that the higher amplitude achieved 

by the frequency difference field is due to the lower waveguide loss at lower 

2

2EJ NL 
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frequencies. 

 

 

Figure 3.10 Theoretical plots of the amplitudes of (a) input signals ω2 and ω3, and (b) frequency 

mixing products ω3-ω2 and ω2+ω3 as a function of propagation distance in the MIM waveguide 

with 3nm thick insulator layer. The incident CW signals have wavelengths λ2 = 1.55μm and λ3 = 

1.5μm as well as peak field amplitudes E2(0) = 1.18×107V/m and E3(0)=1.18×107V/m. 

 

3.5 Pulse Propagation in a Nonlinear MIM Nanoplasmonic 

Waveguide 

 

In this section we present a theoretical analysis of nonlinear pulse rectification, 

second harmonic generation and frequency mixing in the MIM nanoplasmonic 

waveguide using the CMT theory. The coupled wave equations are similar to 

those in the CW case but also take into account the time dependence of the pulse 

envelopes.  

 

3.5.1 Nonlinear pulse rectification and second harmonic generation 

 

We consider an input pulse signal E1(x, t) at frequency 1 to the MIM waveguide. 

Due to second order nonlinearity, two new pulses will be generated: E0(x, t) at the 

baseband and E2(x, t) at the second harmonic frequency 2 = 21. The electric 

fields of the three frequency components can be represented as 
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,                    (3.39b) 

,                 (3.39c) 

where Ei(x,t) is the slowly varying pulse envelope of the i frequency component. 

By substituting Eqs. 3.39 into Eq. 3.13 and matching fields at each frequency i, 

we obtain the following coupled wave equations for the different pulses 

propagating in the MIM waveguide (detailed derivation is given in Appendix C): 
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We next apply the following transformation to the retarded frame [53] of 

reference 
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In the above vi is the group velocity of wave at frequency i. Defining the 

parameters 
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where Pi is the peak power of each field and ni is the effective index of each field, 

we apply the transformations in Eqs. 3.42(a-e) to Eqs. 3.40(a-c) to obtain (with Ti 

replaced by t in the final expressions)  
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The above equations describe the propagation of the envelopes of the three pulses 

in the MIM waveguide. They can be solved numerically using the finite difference 

method [67].  

 Assuming an input Gaussian pulse with carrier wavelength λ = 1.55μm, 

FWHM pulse width of 1ps and peak field amplitude of 1.18×10
7
V/m, we 

computed the solutions for the three pulses and plotted them in Fig. 3.11. Fig. 

3.11(a) shows the normalized temporal shapes of the rectified, ω and 2ω pulses. 

The rectified pulse has the shape of the derivative of the input pulse envelope, 

yielding a single-cycle THz pulse, which is characteristic of a second-order 
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rectification process [68]. The second-order harmonic pulse has the same 

Gaussian shape as the input pulse, which is similar to the second harmonic 

generation process based on χ
(2)

 nonlinearity [66]. This characteristic is also 

predicted by the simplified CW coupled mode analysis in Section 3.5.3.  

 

 

 

Figure 3.11 Plots of (a) Temporal responses for the rectified, ω and 2ω pulses, (b) peak electric 

field amplitude for the ω pulse and (c) the rectified and 2ω pulses as functions of propagation 

distance in the MIM waveguide with a 3nm thick insulator layer. An input 1ps Gaussian pulse with 

carrier wavelength λ = 1.55μm and peak field amplitude of 1.18×107V/m is assumed. 

 

 Fig. 3.11(b) and 3.11(c) plot the peak field amplitudes of the rectified, ω 

and 2ω pulses as a function of the propagation distance, indicating the optimum 

lengths where the rectified and 2ω pulses achieve their maxima. These curves are 

also similar to the CW results case and demonstrate the competing effects of 

frequency conversion and waveguide loss. The plots show that the rectified pulse 

has a much longer optimum length than that of the 2ω pulse due to much lower 
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loss at the baseband frequencies. However, the rectified pulse reaches a lower 

peak amplitude than the 2ω pulse due to the strong velocity mismatch between the 

baseband and optical signals (the  and 2 signals have less velocity mismatch, 

as can be seen in Fig. 3.2). The above results show that the MIM nanoplasmonic 

waveguide can potentially be used for detecting ultrafast optical pulses, as well as 

generating single-cycle THz pulses and second harmonic pulses. 

  

3.5.2 Nonlinear pulse mixing 

 

We consider next the case of frequency sum and difference pulse generations for 

two input pulses modulating carrier frequencies ω2 and ω3 (ω3 > ω2). The electric 

fields of the two input pulses (E2 and E3), the frequency difference pulse (E1), and 

the frequency sum pulse (E4)) are given by 
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Follow similar approach given in Section 3.5.1 and described in more details in 

Appendix C, we obtain the following coupled mode equations for the field 

envelopes of the different pulses: 
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We solved the above equations using the finite-difference method for the case of 
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two 1ps input Gaussian pulses at λ2 = 1.55μm and λ3 = 1.5μm. The two pulses 

were assumed to have peak field amplitude of 1.18×10
7
V/m and were coincident 

in time.  

 Fig. 3.12(a) shows the normalized temporal responses of the two input 

pulses and the sum and difference frequency pulses. The sum and difference 

frequency pulses have the same Gaussian shape as the input pulses, which is 

similar to the frequency mixing processes based on χ
2
 nonlinearity [66]. However, 

their pulse widths are found to be 0.707 times smaller than the width of the two 

input pulses. This bandwidth broadening is a result of the second order conductive 

processes and will be further investigated in the next section.  

 

 

Figure 3.12 Plots of (a) Temporal responses for the ω3-ω2, ω2, ω3, and ω2+ω3 pulses, (b) electric 

field amplitudes for the ω2 and ω3  and (c) the ω3-ω2 and ω2+ω3 pulses as functions of propagation 

distance in the MIM waveguide with a 3nm insulator layer. Two 1ps Gaussian pulses with carrier 

wavelength λ2 = 1.55μm and λ3 = 1.5μm and peak field amplitude of 1.18×107V/m are assumed. 
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a function of the propagation distance, indicating optimum lengths where the sum 

and difference frequency pulses achieve their maxima. The frequency difference 

pulse has longer optimum length than the frequency sum pulse due to much lower 

loss at the lower frequencies. The above analytical results show that the MIM 

nanoplasmonic waveguide can potentially be used to generate pulses at different 

carrier frequencies and pulse widths. 

 

3.5.3 Pulse bandwidth analysis in MIM plasmonic waveguides 

 

MIM nanoplasmonic waveguides exhibit strong dispersion from microwave to the 

optical frequencies. However, over a narrow frequency range the propagation 

constant changes only slightly. For example, over a frequency span of 2.5THz 

around the 1.55μm wavelength, the MIM waveguide has a maximum group index 

change of only 0.0075% and a maximum change of 0.08% in the attenuation 

constant. The effect of this dispersion is negligible over a propagation length of 

1.27μm. Similar analysis at the second harmonic wavelength (0.775μm) also 

shows negligible dispersion over a THz pulse bandwidth. As a result, the MIM 

waveguide can support ultrafast optical pulse propagation with duration shorter 

than a picosecond, with negligible distortion on the pulse shape.  

 Based on the above analysis, we can use the CMT equations for CW 

signals (Eqs. 3.34 and 3.35) to estimate the bandwidth change of nonlinear pulse 

propagation in the MIM waveguide. A Gaussian pulse envelope can be expressed 

as 
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where τi is the FWHM width of the Gaussian pulse at carrier frequency i. By 

substituting Eq. 3.47a into Eqs. 3.34 and 3.35, we obtain 
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The above expressions show that the input pulses at frequencies 2 and 3 

maintain their pulse widths (2 and 3, respectively) as they propagate in the MIM 

nanoplasmonic waveguide. On the other hand, the frequency difference and the 

frequency sum pulses have their pulse widths given by 
2
3

2
2

32







. If the two input 

pulses have equal pulse widths of τ2 = τ3 = τ, then the frequency difference and the 

frequency sum pulses experience pulse width shrinking by a factor of 2 (or 

bandwidth expansion factor of 2 ). This prediction agrees with the observation in 

Section 3.5.2 for nonlinear pulses mixing where the frequency difference and 

frequency sum pulses are observed to have a bandwidth expansion factor of 2 . 

 

3.6 Summary  

 

In this section we presented approximate theoretical analysis of nonlinear wave 

propagation in MIM nanoplasmonic waveguides based on the coupled wave 

equations in a 1D effective medium with second order nonlinear conductivity. 

Analysis showed that the MIM waveguide can rectify CW signals from sub-THz 

to the infrared frequencies with much higher responsivity than lumped MIM 

diodes. The MIM waveguide was also shown to be capable of rectifying ultrafast 

optical pulses leading to the generation of single cycle THz pulses, making the 

device potentially useful for on-chip THz source generation. In addition, second 

order nonlinear processes such as second harmonic frequency generation and sum 

and difference frequency generation were also analytically investigated. In 

contrast to conventional second order processes in 
(2)

 materials, frequency 
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conversion in the MIM waveguide was found to be primarily limited by 

waveguide loss rather than velocity mismatch. In the next chapter we will perform 

rigorous numerical analysis of nonlinear MIM nanoplasmonic waveguides to 

validate the analytical results obtained in this chapter. 
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Chapter 4 

 

FDTD Investigation of Nonlinear MIM Nanoplasmonic
2
 

Waveguides 

 

4.1 Introduction 

 

In chapter 3 we theoretically investigated the characteristics of MIM 

nanoplasmonic waveguides for optical rectification and frequency generation 

using the Coupled Mode Theory (CMT). The CMT analysis is only approximate 

since it assumes wave propagation in an effective 1D medium and considers 

nonlinear interaction between only three waves. For a more accurate analysis, we 

use a numerical method to obtain rigorous solutions of Maxwell’s equations in the 

nonlinear MIM waveguide in this chapter. Many numerical methods have been 

extensively used in the study of electromagnetic wave propagation in waveguides. 

Among them, the finite element method (FEM) [30], the finite-difference time-

domain method (FDTD) [67] and the method of moments (MOM) [69] are three 

powerful tools in electromagnetic computations.  

 The FDTD method, first introduced by Yee in 1966, provides direct time-

domain solution to Maxwell’s equations in the differential form. The numerical 

solution requires a spatial discretization of the volumetric region containing the 

materials and structures which interact with the electromagnetic waves. With the 

increasing availability of computational power and memory, the FDTD method 

has become a powerful and widely-used method in computational 

electromagnetics since it is simple to implement and rigorously solves Maxwell’s 

equations without making any assumptions or approximations [69]. As a result the 

FDTD solution captures all the physics associated with electromagnetic field 

interaction with the material in real time, which is especially important for 

                                                             
2
 Part of this work has been published by X. Lei et al. in IEEE Photonics Conference (IPC) 2012, pp. 953-954, Sept. 

2012 and presented in IEEE Photonics Conference 2012, Nanoplasmonic II session, Sep 23-27, 2012, Burlingame, CA, 

USA. Part of this work will appear in the Journal of Optics Communications. 
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nonlinear wave propagation analysis. For this reason we choose to analyze the 

nonlinear MIM nanoplasmonic waveguide using the FDTD method.  

 In this chapter we will first present the formulation and implementation of 

a nonlinear FDTD scheme for simulating CW and pulse propagation in a MIM 

plasmonic waveguide. The performance of the device for frequency conversion 

and rectification of CW and pulsed signals will be numerically investigated. The 

numerical results are also used to validate the approximate results obtained from 

the Coupled Mode Theory in chapter 3.   

 The outline of the rest of this chapter is as follows. Section 4.2 presents a 

formulation of the nonlinear FDTD method for simulating MIM nanoplasmonic 

waveguides in the presence of electron tunneling. Section 4.3 investigates the 

performance of the MIM nanoplasmonic waveguide for rectifying CW radiation 

from THz to infrared frequencies. In Section 4.4, we study the impulse response 

of the MIM nanoplasmonic waveguide and its electrical bandwidth performance 

for optical pulse detection. In Section 4.5, we demonstrate the performance of the 

device for ultrafast pulse rectification and second harmonic generation. In Section 

4.6, two optical pulses modulating different carrier frequencies are used as 

excitation sources for the investigation of nonlinear pulses mixing in the MIM 

nanoplasmonic waveguide. Section 4.7 presents additional applications of 

nonlinear MIM nanoplasmonic waveguides. Concluding remarks are given in 

Section 4.8. 

 

4.2 FDTD Method for Simulating MIM Nanoplasmonic 

Waveguides  

 

The MIM nanoplasmonic waveguides we are interested in simulating have very 

thin insulator thickness (3-5nm) and much larger waveguide width (50–100nm). 

Since the fields of the fundamental TM mode are approximately constant along 

the waveguide width (the y-direction in Fig. 3.1(a)), we can approximate the 3D 

MIM waveguide structure by a 2D slab waveguide as shown in Fig. 3.1(b). The 

FDTD method is applied to solve for the fields Ex, Ez and Hy in the metal layers 
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and the nonlinear conductive insulator gap as described below. Other numerical 

issues such as stability, absorbing boundary conditions and field marching 

procedure of the FDTD algorithm are given in this section and Appendix D. 

 In a 2D medium with permittivity ɛ and permeability µ, Maxwell’s 

equations for TM waves with field components Ex, Hy, Ez are 
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The current densities Jx and Jz represent either the ohmic currents in the metal 

layers or the tunneling current in the insulator gap. The above equations are 

discretized using Finite Difference formulas on a rectangular grid of size Δx and 

Δz. We use Yee’s method of field assignments where the E and H field 

components are offset from each other by half a grid size and half a time step. 

Each Yee’s cell for the TM polarization is shown in Fig. 4.1. The discrete 

equations are: 

 
Figure 4.1 Schematic of a 2D TM Yee-cell with fields Ex, Ez, Hy and cell size Δx by Δz. 
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The above equations are then solved for the most recent field components, 

Ex(n+1), Ez(n+1) and Hy(n+1/2), in terms of fields at the previous time steps. 

These equations are used in the FDTD algorithm to march the TM fields in time 

from an initial field distribution.  

 We now describe how the current densities Jx and Jz in Eqs. 4.2 are 

computed. Since metals are highly dispersive media, we incorporate the frequency 

dependent permittivity of the metal layers into the FDTD equations using the 

Auxiliary Differential Equation (ADE) method [69]. 

 We assume that the metal layers have relative complex permittivity εr 

obeying the Drude model [69] 
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where ε ~ 1 is the relative permittivity at infinite frequency, ωp is the plasma 

frequency, Гe is the relaxation coefficient and ω is the angular frequency. In the 

frequency domain, the constitutive relation for the electric flux density is 
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We define the polarization P as 
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which can be rearranged to give 
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Taking the inverse Fourier transform of the above equation, we obtain 
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Next defining the polarization current  
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Eq. 4.5 becomes 
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The above equation is the Auxiliary Differential Equation relating the current in a 

dispersive medium to the electric field. In the metal layers of the MIM waveguide,

 the currents Jx and Jz are related to the fields Ex and Ez by  

,                                          (4.8a) 

 
.                                        (4.8b) 

The above equations are discretized using the Finite Difference method and 

solved for the current components Jx(n+1/2) and Jz(n+1/2) that are used in Eqs. 

4.2. 

 In the insulator layer the current density Jz represents the electron 

tunneling current while Jx is set to zero. Treating the insulator layer as a medium 

with nonlinear conductivity, the constitutive relation for the current density Jz as a 

function of the transverse electric field Ez across the insulator gap is given by 

2
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The conductivities σ1 and σ2 are obtained from the J-V curve of the MIM junction 

at a given bias voltage and illumination frequency. 

 In the FDTD simulations, absorbing boundary conditions (ABCs) are used 

to terminate the computational domain. Many ABCs have been developed for 

FDTD simulations, with the Perfectly Matched Layer (PML) technique being the 

most popular [69] and the most effective for preventing numerical back 

reflections into the computational domain. For this reason, we choose the PML 

absorbing boundary conditions for our FDTD simulations. Detailed formulation 

of the PML boundary condition over the MIM plasmonic waveguide structure is 

given in Appendix D. 

 In a standard linear FDTD simulation, the maximum time step Δt that can 
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be used is determined by the well-known Courant-Friedrichs-Lewy (CFL) 

stability condition [69]: 

.                                      (4.10) 

where c is the speed of light in vacuum and εr is the smallest relative permittivity 

value in the computational domain. 

 The above CFL condition, however, is typically not valid for nonlinear 

FDTD algorithms such as our method. To determine a suitable time step for our 

algorithm, we performed simulations of the MIM structure with decreasing time 

steps from the maximum CFL value until the change in the output field amplitude 

was observed to be below 10
-8

 compared to the previous simulation run. The final 

time step chosen for our simulations is about 70% of the maximum CFL condition 

in vacuum (ɛr = 1).  

.                                       (4.11) 

In our nonlinear FDTD simulation, the grid dimensions are chosen as Δx = 3nm 

and Δz = 1.5nm. The MIM waveguide has a width of 403nm and length of 20μm. 

The simulation time step is then calculated using Eq. 4.11. 

 The remainder of this chapter is devoted to presenting and discussing the 

results of our numerical investigation of nonlinear Al-Al2O3-Al MIM plasmonic 

waveguides. The waveguide structure consists of a 3nm Al2O3 layer sandwiched 

between two Al layers of 200nm thickness. The relative permittivity of Al2O3 is 

4.29 while the permittivity of Al is given by the Drude model with parameters ε 

= 1, ωp = 3.5710
16

 Hz and Гe = 1.97910
14 

Hz [59-60]. We also assume 

conductivity parameters σ1 = 4×10
-2

Ω
-1

/m and σ2 = 3.5×10
-10

Ω
-1

/V for the Al-

Al2O3-Al junction biased at 0.1V. In the nonlinear FDTD simulations, the grid 

dimensions are chosen to be Δx = 3nm and Δz = 1.5nm, and the time step is set at 

0.7 of the maximum CFL value for vacuum. 
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4.3 Rectification of Continuous-wave Signals 

 

We first investigated the performance of the MIM nanoplasmonic waveguide for 

rectifying CW signals by exciting it with a sinusoidal optical signal at 1.55μm 

wavelength. The average power of the signal was set to be 0.362mW, which 

corresponds to a peak Ez field strength of 3.33×10
7
V/m, yielding a peak voltage 

drop of 0.1V across the insulator layer. Fig. 4.2 shows the distributions of the Ex, 

Ez and Hy fields in the MIM waveguide. The transverse electric field Ez is 

observed to be strongly localized and enhanced within the insulator layer, which 

allows efficient rectification to be achieved over a short propagation distance. The 

longitudinal electric field Ex and the magnetic field Hy are less strongly confined 

in the waveguide, exhibiting more gradual decay into the metal layers. In addition, 

the power distribution in the waveguide is also highly localized within the 

insulator layer.  

  

 

Figure 4.2 FDTD simulated field and power distributions (at 1.55µm wavelength) in the MIM 

nanoplasmonic waveguide: (a) Ez (V/m), (b) Px (W/m2), (c)Hy (A/m) and (d) Ex (V/m). 
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 Fig. 4.3 shows a plot of the Ez field amplitude of the input CW signal 

along the propagation direction along with the total rectified DC current. The total 

rectified current is obtained by integrating the tunneling current density over the 

length of propagation, 

dxxE
w

xI
L

zdc 
0

22 |)(|
2

)(
 ,                                (4.12) 

where the MIM waveguide width w is assumed to be 100nm. It is observed from 

the plot that the Ez field amplitude decays exponentially with the propagation 

distance as a result of both absorption in the metal layers and optical power 

depletion due to rectification. The simulated propagation length Lp is determined 

to be 1.27µm, which agrees with the value obtained from the propagation constant 

β of the MIM waveguide. The decay in the Ez field causes the rectified DC current 

to initially increase with the propagating distance before gradually becoming 

saturated. This saturating characteristic suggests that there is an optimum length 

for achieving maximum responsivity in the MIM waveguide rectifier. From the 

plot in Fig. 4.3, the optimum length can be taken to be around 3.8µm, or roughly 

about three times the propagation length of the plasmonic waveguide, 3Lp. 

 

Figure 4.3 Plot of the rectified DC current and the transverse optical field strength Ez along the 

propagation direction of the MIM nanoplasmonic waveguide for an input CW optical signal at 

1.55μm wavelength and peak field amplitude of 3.33×107V/m. 
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frequency of the input CW signal from 2THz to 200THz (around 1.55μm 

wavelength) and performed simulation to determine the rectified current. The 

average power of the input CW signal was kept at 0.362mW. Regardless of the 

frequency of the CW signal, the rectified DC current was observed to saturate at a 

propagation distance around 3Lp. To quantify the results, we calculated the 

responsivity of the MIM waveguide rectifier assuming unity coupling efficiency 

from the antenna to the nanoplasmonic waveguide. The frequency dependence of 

the responsivity is plotted in Fig. 4.4. The theoretical response obtained in 

Chapter 3 is also plotted (black dashed line), which shows very agreement with 

the simulation results.  

 

Figure 4.4 Plot of frequency response responsivity of the Al-Al2O3-Al nanoplasmonic waveguide 

detector with a 3nm insulator layer. Also given are analytical results obtained in chapter 3. 

  

 Overall, three key points can be drawn from the plot in Fig. 4.4. First, the 

plot shows that the MIM waveguide rectifier has an extremely broad optical 

bandwidth for detecting CW signals from THz to the optical frequencies. This 

broad bandwidth is due to the broadband nature of the MIM waveguide and the 

fast electron tunneling time of the MIM junction. Second, the responsivity of the 

device does decrease with increasing frequency, but this is a result of the higher 

propagation loss of the MIM at shorter wavelengths and not due to some inherent 

cut off condition of the MIM waveguide or the rectifying process. And third, our 

approximate theoretical analysis based on nonlinear wave propagation in an 
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effective 1D medium gives fairly accurate results as validated by the FDTD 

simulations. 

  

4.4 Impulse Response of the MIM Waveguide Detector 

 

The optical bandwidth of the MIM waveguide detector, as shown by the plot in 

Fig. 4.4, gives the range of CW radiation frequencies that can be detected or 

rectified by the device. If the illuminating signal is modulated by a pulse envelop, 

then it is also important to know the electrical bandwidth of the detector, which 

specifies how fast a pulse can be detected or rectified. For THz applications, the 

electrical bandwidth of the detector must be in the THz range. This is beyond the 

capability of most semiconductor photodiodes, whose electrical bandwidths are 

limited by the slow electron transit time (10
-11

s [52]) across the depletion region. 

 

 

Fig. 4.5 Plots of (a) instantaneous transverse Ez field profile of the rectified pulse as a function of 

propagation distance, (b) voltage impulse response (at a distance of 1.27μm) and (c) frequency 

impulse response of the MIM nanoplasmonic waveguide after simulation time of 150fs [61]. 
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 The electrical bandwidth of a diode can be determined from the Fourier 

transform of its impulse response. To determine the impulse response of the MIM 

waveguide rectifier, we simulated the structure by exciting it with a very short 

optical pulse of 5fs duration. We recorded the field propagating along the 

waveguide as well as the temporal response of the voltage across the insulator gap 

at a propagation distance of Lp (at 1.55µm wavelength). Fig. 4.5(a) shows a snap 

shot of the instantaneous field distribution along the waveguide after 150fs. The 

long tail of the pulse is due to waveguide dispersion, which has the effect of 

broadening the pulse. Physically, the long tail is caused by frequency components 

which propagate at slower phase velocities. The temporal response of the rectified 

voltage pulse at a propagation length of Lp (1.55µm wavelength) is shown in Fig. 

4.5(b) along with the input pulse for reference. Again strong waveguide 

dispersion is manifested in the long tail of the rectified pulse.  

 The Fourier transform of the impulse response is plotted in Fig. 4.5(c). 

The 3dB bandwidth of the spectral response is determined to be 16THz, indicating 

that the MIM waveguide can rectify ultrafast optical pulses with durations as short 

as 65fs. Since the electron tunneling process is assumed to be instantaneous in our 

simulations, it is not the limiting factor for the response of the MIM waveguide 

detector. Instead, the electrical bandwidth of the device is solely caused by the 

strong dispersion of the MIM waveguide, which causes some frequency 

components of the pulse to travel more slowly than others, resulting in the 

temporal pulse spread seen in Fig. 4.5(b). To achieve even broader electrical 

bandwidth, one can minimize the waveguide dispersion by proper design of the 

waveguide dimensions and using a less dispersive metal.    

 

4.5 Rectification and Second Harmonic Generation of Optical 

Pulses 

 

In the CMT analysis in chapter 3, we showed that when an MIM nanoplasmonic 

waveguide is excited with a pulsed signal at a carrier frequency of ω, single-cycle 

THz and second harmonic pulses are generated from the second order nonlinear 
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processes. To verify the theoretical analysis, we perform rigorous numerical 

investigation of the MIM nanoplasmonic waveguide under pulsed excitation in 

this section. These numerical simulations serve as important validation of the 

CMT results. They also provide more accurate assessment of the performance of 

the MIM waveguide for single-cycle THz and second harmonic pulses generation, 

especially for very short pulses where the effects of strong waveguide dispersion 

are not accounted for in the CMT analysis. In addition, we will also investigate 

the effects of the carrier frequency and pulse width on the efficiencies of the 

rectification and frequency conversion processes.  

 

Fig. 4.6 Illustration of the MIM nanoplasmonic waveguide excited by a 1ps Gaussian pulse with 

carrier wavelength of 1.55μm and peak power of 0.65mW and biased at 0.1V. 

 

 In the simulation the MIM waveguide was excited by a 1ps Gaussian pulse 

modulating a 1.55μm wavelength optical carrier, as illustrated in Fig. 4.6. The 

peak power of the input pulse was set to 0.65mW, which corresponds to a peak 

voltage drop of 0.1V across the insulator gap. We also assumed a bias voltage of 

0.1V is applied to the MIM waveguide. We recorded the temporal variation of the  

electric field Ez across the insulator gap after a propagation distance of Lp (at 

1.55µm wavelength). We then performed Fourier transform on the Ez field and 

filtered out the different harmonic components. Taking the inverse Fourier 

transform of the harmonic components gives their time domain waveforms.  

 Fig. 4.7(a) and 4.7(b) show the temporal and spectral shapes of the 

rectified pulse and the 2ω pulse as compared to the input pulse. Several key 

observations can be made from the plots. Firstly, we observe that the input pulse 

maintains its Gaussian shape and FWHM bandwidth as it propagates along the 

MIM waveguide due to the low amplitude and phase dispersion near the 1.55μm 

wavelength. The simulation verifies that the MIM nanoplasmonic waveguide can 
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support ultrafast pulse propagation with negligible distortion. Secondly, the 2ω 

pulse is also found to have a Gaussian shape but its FWHM bandwidth is 

increased by a factor of 2 compared to the input pulse. This bandwidth 

expansion is a result of the second order nonlinear conductive process which is 

theoretically analyzed in Section 3.5.3. Thirdly, the rectified pulse has the shape of 

the derivative of the input Gaussian pulse, which yields a single-cycle THz pulse. 

However, there is more pronounced difference between the simulation and CMT 

results for the rectified pulse than the results for ω and 2ω pulses. The reason for 

the deviation can be attributed to the strong waveguide dispersion at the baseband 

frequencies which is not adequately taken into account in the CMT analysis. This 

example highlights a limitation of our theoretical model. 

 

 

Figure 4.7 Plots of (a) temporal and (b) spectral shapes of the rectified, 2ω and input pulses after a 

propagation distance of 1.27μm in the MIM nanoplasmonic waveguide. The input 1ps Gaussian 

pulse modulates a carrier wavelength of 1.55μm and has peak power of 0.65mW. Results from the 

CMT analysis in chapter 3 are also given for comparison [61]. 

 

 Fig. 4.8 shows the normalized peak field amplitudes of the three pulses as 

functions of the propagation distance, indicating the optimum waveguide lengths 

where the rectified and 2ω pulses achieve their maxima. It is seen that the 

rectified pulse has a longer optimum length than the 2ω pulse due to much lower 

loss at lower frequencies. The plot in Fig. 4.11 can be used to determine the 

optimum MIM waveguide length for achieving maximum conversion efficiency 

in on-chip generation of single cycle THz pulse or 2ω pulse. 
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Figure 4.8 Plot of normalized peak field amplitudes of the rectified, 2ω and input pulses as 

functions of the propagation distance in the MIM nanoplasmonic waveguide [61].   

 

Figure 4.9 Peak powers of both the rectified and 2ω pulses as functions of the peak power of the 

input pulse [61]. 

  

 In Fig. 4.9, we plotted the peak power of the rectified and 2ω pulses as 

functions of the peak power of the input pulse. The peak power of both the 

rectified and 2ω pulses show a quadratic dependence on the peak power of the 

input pulse. This power dependence is typical of second order processes and is 

also observed in traveling-wave photodetectors [51]. We also observe that the 2ω 

pulse has a higher peak power than the rectified pulse, indicating that the 

generation of the 2ω pulse is more efficient. This result is caused by the strong 

waveguide dispersion (between THz and ω frequencies) which effectively reduces 

the conversion efficiency.  
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 To further study the characteristics of the MIM waveguide for THz and 

second-harmonic pulse generation, we performed simulations of the structure for 

different input carrier frequencies and input pulse widths. These results reflect the 

optical and electrical bandwidth performance of the device and are summarized 

below. 

 

4.5.1 Effect of input carrier frequency (optical bandwidth)  

 

We varied the carrier frequency of the input pulse from 10THz to 200THz while 

keeping the input pulse width constant at 1ps and pulse peak power at 0.65mW.  

 

 

Figure 4.10 Plot of peak field amplitudes of both the rectified and 2ω pulses as functions of carrier 

frequency. The input pulse has a FWHM width of 1ps. 

 

 Fig. 4.10 shows the peak amplitudes of the rectified and 2ω pulses as 

functions of the input carrier frequency. It can be seen that the peak field 

amplitudes of both the rectified and 2ω pulses increase with decreasing carrier 

frequencies due to lower waveguide loss at lower frequencies. The simulation 

results indicate that the frequency conversion processes in the MIM waveguide 

are dominated by loss rather than phase mismatch, as is commonly the case in χ
(2)

 

nonlinear processes. The result is consistent with the frequency-dependent 

responsivity obtained for CW rectification in Fig. 4.4. 
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4.5.2 Effect of input pulse width (electrical bandwidth) 

 

We also studied the effect of the input pulse width on the performance of the 

MIM waveguide. We fixed the carrier wavelength at 1.55μm and peak pulse 

power at 0.65mW, and varied the input pulse width from 100fs to 1ps. Figs. 

4.11(a) and 4.11(b) show the peak field amplitudes and the optimum waveguide 

lengths, respectively, of the rectified and 2ω pulses as functions of the input pulse 

width.  

 

Figure 4.11 Plot of (a) peak field amplitudes and (b) optimum lengths of the rectified and 2ω 

pulses as functions of input pulse FWHM width in the MIM nanoplasmonic waveguide. 

 

 We observe that the peak field of the rectified pulse increases slightly with 

decreasing input pulse width while the 2ω pulse stays constant. In addition, the 

optimum propagation length of the rectified pulse decreases slightly with 

decreasing input pulse width while the 2ω pulse stays constant. The behavior of 

the rectified pulse is caused by peak spectral shifting towards higher frequencies 

with decreasing input pulse width while the peak spectral of the 2ω pulse stays at 

the 2ω frequency. As the peak spectral of the rectified pulse shifts towards higher 

frequencies, higher effective loss will be experienced by the rectified pulse and 

thus the optimum propagation length is reduced. In addition, we notice that the 

peak field amplitude of the rectified pulse from Eq. 3.43a indicates that 
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For an input Gaussian pulse with envelope of 

2
1

2

)(






t

EetE



 ,                                       (4.13b) 

)2(log4 e ,                                         (4.13c) 

where τ1 is the FWHM pulse width of the input Gaussian pulse. Eq. 4.13a can be 

rearranged to give 

2
1

2
1

2



 PE
Erectified  ,                                 (4.13d) 

where Pω is the peak power of the input pulse. The above equation indicates that 

the peak field amplitude of the rectified pulse is inversely proportional to the 

square of the input pulse width (while the input peak power Pω is unchanged), 

indicating higher peak field amplitude can be achieved at shorter input pulse 

width. In addition, the velocity mismatch between the rectified and optical pulses 

(the  and 2 pulses) will be improved as the peak spectral of the rectified pulse 

shifts towards higher frequencies. However, as the input pulse width decreases, 

the rectified pulse experiences higher loss. These two effects play together and 

result in the slowly increasing peak field amplitude of the rectified pulse with 

decreasing input pulse width. On the other hand, the peak field amplitude of the 

2ω pulse from Eq. 3.43c indicates that 

  PEE 
2

2
,                                 (4.14a) 

since the condition  

2
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


Et
E

 ,                                   (4.14b) 

is valid for a 1ps Gaussian pulse modulating a 1.55µm optical carrier and 

propagates a length of Lp = 1.27µm with propagation time t << 1ps. As a result, 

both the peak field and optimum propagation length of the 2ω pulse stays nearly 

constant at different input pulse width since the input peak field amplitude (or 

input peak power Pω) is unchanged during the simulation and the loss condition of 

the 2ω pulse stays nearly constant at the 2ω frequency. 
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4.6 Nonlinear Frequency Mixing of Optical Pulses 

 

In chapter 3 we demonstrated using CMT analysis that frequency sum and 

difference generation can also be achieved with the second-order nonlinear 

conductive process in MIM nanoplasmonic waveguides. Here we further 

investigate these nonlinear frequency mixing processes using numerical 

simulations, which allow a more detailed and accurate analysis to be obtained. 

The aim here is to explore the potential use of MIM nanoplasmonic waveguides 

for nonlinear optical signal processing such as frequency generation, frequency 

mixing and photonic logic operations. 

  

 
Figure 4.12 Plots of (a) temporal, (b) spectral shapes (after a propagation distance of Lp (at 1.55μm 

wavelength)) and (c) normalized peak field amplitudes as functions of propagation distance of the 

rectified, frequency difference, frequency sum, and second harmonic pulses as well as the input 

1ps Gaussian pulses with carrier wavelengths of 1.55μm and 1.5μm in the MIM nanoplasmonic 

waveguide. Similar results are observed in the CMT analysis given in chapter 3 (Fig. 3.12). 
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 In the simulation we excited the MIM nanoplasmonic waveguide with two 

1ps Gaussian pulses at carrier wavelengths λ1 = 1.55μm and λ2 = 1.5μm. We 

assumed the two pulses are coincident in time and have the same peak power of 

0.08mW. Figs. 4.12(a) and 4.12(b) show the temporal and spectral shapes of the 

various frequency components generated after a propagation length of Lp (at 

1.55μm wavelength) in the waveguide. In addition to the rectified and second 

harmonic pulses at frequencies 2ω1 and 2ω2, two new pulses appeared at the sum 

and difference of the input pulse carrier frequencies. These pulses have the same 

temporal shapes as the input pulses, although their bandwidths are expanded by a 

factor of compared to the bandwidth of the two input pulses. Fig. 4.12(c) 

shows the normalized peak field amplitudes of all the frequency components as 

functions of propagation distance in the MIM waveguide. The plots indicate the 

optimum lengths where the various pulses achieve their maxima. The optimum 

length is mainly determined by the loss experienced by the different frequency 

components. Since the waveguide loss decreases with frequency, we have the 

result that the rectified pulse has the longest optimum length followed by the 

frequency difference pulse, frequency sum pulse and the two second harmonic 

pulses. 

 To further understand the dependence of the sum and difference frequency 

conversion efficiencies on the powers of the input pulses, we investigated the case 

where the peak powers of the two input pulses were varied while maintaining the 

total input power constant. In the simulation we kept the total peak power of the 

two pulses, Ptotal = P1 + P2, to 0.16mW but varied the ratio P1:P2 from 10%:90% 

to 90%:10%. The two pulses had the same pulse width of 1ps. Fig. 4.13 shows the 

peak field amplitudes of the rectified, sum and difference pulses vs. the power 

ratio P1:P2. It is seen that the peak of the rectified pulse does not change 

appreciably with respect to the power ratio of the two input pulses, while the 

peaks of the sum and difference pulses show a quadratic dependence. These 

behaviours can be explained as follows. The rectified, frequency sum and 

difference pulses arise from the nonlinear current element. In case of the rectified 

pulse, Eq. 4.13d is modified to give 

2
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Since the two input pulses have the same pulse width τ, the peak field of the 

rectified pulse given by Eq. 4.15a will be constant since the total peak power 

P1+P2 is kept constant. On the other hand, Eq. 4.14a is modified according to Eq. 

3.45a and 3.45d for the sum and difference frequency cases as 

212112 )12()12( PPEEE   
,            (4.15b) 

which depends quadratically on the power ratio P1/P2.   

 

Figure 4.13 Plots of peak field amplitudes of the rectified, frequency difference and frequency sum 

pulses as functions of the power ratio P1:P2 in the MIM nanoplasmonic waveguide. 

 

4.7 Applications of Nonlinear MIM Nanoplasmonic Waveguides 

 

Our numerical and analytical studies of the MIM waveguide suggests that it can 

be used for on-chip rectification of ultrafast optical pulses, leading to the 

generation of single-cycle THz pulses. The structure can also be used for second 

harmonic frequency generation and frequency mixing of optical pulses. Below we 

propose two additional applications of MIM nanoplasmonic waveguides based on 

the nonlinear conductivity derived from electron tunneling.  
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1) All-optical plasmonic AND gate  

 As illustrated in Fig. 4.14 the MIM waveguide can be used to perform the 

logical AND function between two optical pulses I1 and I2 at carrier frequencies 

ω1 and ω2. The output O is a pulse at the sum frequency ω1+ω2 (or alternatively, at 

the difference frequency ω1-ω2). When both or one of the input pulses have weak 

intensities below the input OFF threshold (0), the sum frequency ω1+ω2 pulse will 

have weak intensities below the output OFF threshold (0). Only when both the 

input pulses have high intensities above the input ON threshold (1) can the sum 

frequency ω1+ω2 pulse have high intensities above the output ON threshold (1). 

The AND logical operation of the device is visually illustrated in Fig. 4.14(b). 

 (a) 

(b) 

Figure 4.14 (a) schematic of 2 input pulses fed to the MIM waveguide and (b) illustration of all-

optical logical AND operation using two input pulses at carrier frequencies ω1 and ω2 as the inputs 

and the frequency sum product at ω1+ω2 as the output.   

 

2) Plasmonic switch and modulator 

 

 As illustrated in Fig. 4.15(a), the MIM waveguide can be used to realize a 

plasmonic switch by electrically controlling the bias voltage applied to the 

waveguide. Both the input pulses are set to have high intensities above the input 

ON threshold (1). The output pulse O at the sum frequency ω1+ω2 exists only 
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when the bias voltage is turned on. 

(a) 

 (b) 

Figure 4.15 Illustrations of (a) plasmonic switching using two input pulses at carrier frequencies 

ω1 and ω2 as the inputs and the frequency adding product at ω1+ω2 as the output. The ON and OFF 

of the bias voltage applied to the MIM waveguide realizes a plasmonic switch and (b) plasmonic 

modulator using an CW signal at frequency ω as the input and the generated second harmonic CW 

signal at 2ω frequency as the output. The change in the bias voltage modulates the output 

plasmonic signal. 

 

 Similarly, we can control the bias voltage to realize a plasmonic modulator 

as illustrated in Fig. 4.15(b). Analytical results in chapter 3 demonstrate that the 

nonlinear conductivity σ2 is a function of bias voltage while the peak intensity 

(conversion efficiency) of the second harmonic CW signal 2ω is function of σ2. 

As a result, varying the bias voltage can modulate the intensity of the CW signal 

2ω and thus electrically modulate a plasmonic signal. It is worth noticing that the 

speed of the modulator will be limited by the capacitive effect of the MIM 

waveguide rather than the electron tunneling time.  
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4.8 Summary 

 

In this chapter we developed a nonlinear FDTD method for simulating nonlinear 

pulse propagation in MIM nanoplasmonic waveguide. Numerical simulations 

showed that the MIM nanoplasmonic waveguide can support ultrafast optical 

pulse propagation with pulse width as short as 100fs with negligible distortion. 

Nonlinear conducting process due to electron tunneling in the MIM junction can 

be used for optical rectification of ultrafast optical pulses and single-cycle THz 

pulse generation. Due to the fast electron tunneling time, the MIM waveguide has 

an ultra-wide electrical bandwidth of 16THz, which enables the waveguide to 

rectify optical pulses with duration as short as 65fs. We observed that the 

electrical bandwidth of the MIM nanoplasmonic waveguide is mainly restricted 

by the strong waveguide dispersion at the baseband frequencies. It could be 

improved by using dispersion compensation design or alternative material systems 

with reduced dispersion at the baseband. 

 We also explored the use of nonlinear conductivity in the MIM plasmonic 

waveguide for second harmonic pulse generation and optical pulse mixing. For 

example we showed that the device can be used to generating pulses at sum and 

difference frequencies with adjustable pulse width. These results demonstrate that 

the MIM nanoplasmonic waveguide can potentially be used for nonlinear 

plasmonic signal processing, such as frequency conversion and mixing, plasmonic 

switching and modulation, as well as basic all-optical logic operations. 
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Chapter 5 

 

Further Analysis and Design Considerations of Nonlinear 

Nanoplasmonic Waveguides
3
 

 

In chapters 3 and 4 we theoretically and numerically investigated wave 

propagation in MIM nanoplasmonic waveguides with second-order nonlinear 

conductivity arising from electron tunneling through the MIM junction. The 

device was shown to have ultra-wide electrical and optical bandwidths for optical 

rectification, second harmonic generation and frequency mixing. In this chapter 

we explore additional MIM waveguide designs, material systems, electron 

tunneling junctions and nonlinear conductivities that may also be used to realize 

nonlinear nanoplasmonic devices. 

 Firstly, we will look at the possibility of achieving third-order nonlinear 

conductivity in the MIM waveguide. In principle, the nonlinear current-voltage 

characteristic of the MIM junction can be modeled by a constitutive relation 

which includes higher-order conductivity terms. In particular we will expand the 

nonlinear conductivity model of the MIM junction to include the third-order term, 

which would give rise to third harmonic generation and four-wave mixing. We 

will investigate the efficiency of these third-order processes in the MIM 

waveguide compared to the second-order processes already analyzed in previous 

chapters. 

 Secondly, we will discuss other material systems that may be used to form 

the MIM plasmonic waveguide, and highlight the advantages of our choice of the 

Al-Al2O3-Al material system for the device. 

 Thirdly we will look at alternative MIM plasmonic waveguide designs that 

may provide lower propagation loss, thereby potentially improving the frequency 

conversion efficiencies. In particular we will look at the possibility of using long 

range plasmonic modes in MIM waveguides. The MIM waveguide used in the 

                                                             
3
 Part of this work has been presented by X. Lei et al. in IEEE Photonics Conference 2012, Nanoplasmonic II session, 

Sep 23-27, 2012, Burlingame, CA, USA. 
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previous chapters is designed to have thick metal layers (200nm thickness) to 

achieve high field confinement within the insulator gap. Theoretical analysis 

shows that the waveguide supports a short range mode characterized by a very 

short propagation distance due to the high metal absorption. If the thickness of the 

metal layers is reduced, the MIM nanoplasmonic waveguide can also support a 

long range mode with much longer propagation length. We will investigate the 

performance of the MIM plasmonic waveguide operating in the long range mode 

and compare it to the short range mode. 

 Lastly, we will consider other electron tunneling junctions that can be 

incorporated into a plasmonic waveguide structure for ultrafast nonlinear 

applications. An example is the metal-insulator-semiconductor (MIS) 

nanoplasmonic waveguide, which incorporates the MIS tunneling junction [70] 

into a hybrid plasmonic waveguide. We will theoretically analyze the 

characteristics of the MIS plasmonic waveguide for ultrafast nonlinear 

applications. 

 The rest of this chapter is outlined as follows: Section 5.1 presents the 

third-order nonlinear conductivity modelling in MIM nanoplasmonic waveguides. 

Section 5.2 investigates alternative material systems for MIM nanoplasmonic 

waveguides and discusses the advantages for choosing Al metal. Section 5.3 

investigates variations of the MIM nanoplasmonic waveguide structure which 

support long range modes. In Section 5.4, we study the MIS nanoplasmonic 

waveguide for ultrafast nonlinear applications. Concluding remarks will be given 

in Section 5.5. 

 

5.1 Third Order Nonlinear Conductivity in MIM Plasmonic 

Waveguides  

 

In our analysis of nonlinear effects in MIM plasmonic waveguides, we model the 

nonlinear current-voltage relation of the MIM junction using a Taylor series 

expansion of the J-V curve at the bias point. In our analytical and numerical 

studies in chapters 3 and 4, we truncated the Taylor series to second-order because 
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we were primarily interested in second-order nonlinear processes such as 

rectification and second-order harmonic generation in the MIM waveguide. In 

theory the MIM junction possesses an infinite number of higher-order nonlinear 

conductivities, although the effects of higher-order terms are much smaller. It 

should also be noted that if the MIM junction has zero bias voltage, the second-

order nonlinear term will be absent and the lowest nonlinear term would be the 

third-order term. 

 In this section we investigate the third-order nonlinear conductivity that 

can be achieved in the MIM junction. For this purpose, we expand the J-V curve 

of the MIM junction to third order as  

3
3

2
21)( zzzz EEEEJ   ,                               (5.1) 

where σ3 is the third order nonlinear conductivity, with units of Ω
-1

m/V
2
, which is 

responsible for third-order processes such as third harmonic generation and four-

wave mixing. The value of σ3 can be obtained by applying a finite differencing 

scheme to the J(V) curve around the bias point Vbias as 
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For the Al-Al2O3-Al junction with a 3nm thick Al2O3 layer, we obtained σ3 = 

5×10
-19

 Ω
-1

m/V
2
 at Vbias= 0.1V. The linear and second-order conductivities are the 

same as those values used in the previous chapters, σ1=4×10
-2

Ω
-1

/m and 

σ2=3.5×10
-10

Ω
-1

/V.  

 We simulated nonlinear pulse propagation in the Al-Al2O3-Al waveguide 

with the nonlinear conductivity model of Eq. 5.1 and the conductivity parameter 

values at 0.1V bias. The waveguide was excited with a 1ps Gaussian pulse at 

carrier wavelength of 1.55μm and peak power of 0.65mW. In addition to the 

rectified and 2ω pulses, we also observed a pulse generated at the 3ω frequency. 

Fig. 5.1 compares the peak field amplitudes of the 2ω and 3ω pulses as a function 

of the propagation distance, with the plot of the 3ω pulse scaled by a factor of 100. 

It is clear that the peak field amplitude of the 3ω pulse is smaller than that of the 

2ω pulse by two orders of magnitude. In addition, the 3ω pulse has a shorter 
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propagation length than the 2ω pulse. The above results indicate that the third-

order nonlinearity in the MIM waveguide is much smaller compared to the 

second-order nonlinearity, and we are justified in using only a second-order 

nonlinear conductivity in the waveguide analysis. 

 

Figure 5.1 Peak electric field amplitudes for the 2ω and 3ω (scaled by a factor of 100) pulses as 

functions of propagation distance in the Al-Al2O3-Al waveguide. 

 

5.2 Alternative Material Systems for MIM Nanoplasmonic 

Waveguides 

 

Many metals such as Al, Cr, Au, Pt and Nb [3-5] have been used as metal 

electrodes for MIM tunnel junctions and many materials such as SiO2, NiO, Cr2O3 

and Al2O3 [3-5] have been used as insulator layers.  

 For plasmonic waveguide applications, we require metals with low loss 

and permittivity with negative real part. A large negative permittivity value leads 

to less field penetration into the metal and thus lower propagation loss and 

stronger field confinement in the insulator gap. With the metal permittivity 

modeled using the Drude’s model, a high plasma frequency is needed to achieve 

negative real permittivity at optical frequencies. Both Ag and Au have high 

plasma frequencies and low loss at the optical frequencies. Additionally, structures 

made of Ag or Au are relatively easy to fabricate. Also, Au is a chemically stable 

metal [71-72]. As a result, Au and Ag are often used in plasmonic waveguides. 
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MIM plasmonic waveguides based on Au- poly-methyl-methacrylate (PMMA)-

Au [73] and Ag-PMMA-Ag [74] material systems have been experimentally 

demonstrated. 

 The incorporation of an electron tunneling junction into the MIM 

plasmonic waveguide allows nonlinear conductive effects to be achieved for 

ultrafast optical rectification and broadband frequency conversion. However, the 

metal-insulator material system must be chosen properly to provide a potential 

barrier for electron tunneling as well as low-loss field confinement. Table 5.1 

provides a comparison of three possible material systems for nonlinear MIM 

waveguide design. 

 Examination of the table shows that there are several advantages for 

choosing the Al-Al2O3-Al material system. First, Al is a potentially attractive 

metal for plasmonic waveguides since it has higher plasma frequency than Ag and 

Au. The real part of its permittivity remains negative into the deep UV (200nm 

wavelength) [71,75], thereby providing a much wider plasmonic bandwidth. 

Furthermore, Al also has lower loss than Ag and Au at shorter wavelengths, which 

is desirable for frequency up-conversion. As a result, Al is a better plasmonic 

material than Ag or Au at higher frequencies such as the blue and the ultra violet 

(UV) [75]. 

Table 5.1 Comparisons of Ag, Al and Au MIM material systems. 

 Ag Al Au 

Relative permittivity (1.55μm) -128.7+3.44i 

[76] 

-840+137i 

[59-60] 

-132+12.65i 

[44] 

Plasma frequency (eV) 9.2 12.7 8.9 

Barrier height (eV) 2.26 2.28 3.1 

M-Al2O3-M propagation length (at 1.55 

μm wavelength) (μm) 

2.41 1.27 0.71 

 

 At the visible and infrared frequencies, although Al has slightly higher 

absorption coefficient than Ag and Au, the large negative part of its permittivity 

helps reduce field penetration into the metal, which results in lower effective 

propagation loss in the MIM waveguide. For example, as shown in Table 5.1, at 
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the 1.55μm wavelength an Al-Al2O3(3nm)-Al waveguide with a 3nm insulator 

thickness has a propagation distance of 1.27μm as compared to 2.41μm for Ag-

Al2O3-Ag and 0.71μm for Au-Al2O3-Au waveguides with the same insulator 

thickness. Thus Al is better than Au but worse than Ag in terms MIM propagation 

length at the infrared wavelengths.  

 In terms of the tunneling junction properties, Al (4.28eV [71]) has a work 

function comparable to Ag (4.26eV [71]) but lower than Au (5.1eV [71]) by about 

0.9eV. With the same Al2O3 layer (electron affinity of 2eV [77]), MIM junctions 

made with Au have a potential barrier which is too high leading to low tunneling 

probability. On the other hand, with metals having lower work functions (such as 

Mg: 3.1eV [78]), the barrier height is too low to eliminate thermionic current [79]. 

Al, with intermediate work function, can provide both high tunneling current and 

minimize thermionic effects.  

 An additional advantage that Al has over Au and Ag metals is in terms of 

fabrication. Al oxidizes easily under atmospheric condition and forms a stable 

Al2O3 with a typical thickness of 2.5-3nm [40]. The thickness of this native oxide 

is within the optimum range for electron tunneling. Thus the Al-Al2O3-Al junction 

can be cheaply and easily fabricated using a standard metal deposition process 

and native oxide growth. Finally it should be noted that Al is compatible with the 

complementary-metal-oxide-semiconductor (CMOS) fabrication technology 

while Ag and Au are not [75,80]. This process compatibility allows MIM 

nanoplasmonic waveguides to be integrated with CMOS electronics on the same 

chip using current semiconductor technology. 

 

5.3 MIM Nanoplasmonic Waveguides Operating in Long Range 

Modes 

 

Metal-Insulator-Metal plasmonic waveguides, in which the thickness of the metal 

layers exceeds the skin depth, can support only short range modes characterized 

by short propagation lengths. As the thickness of the metal layer decreases, the 

MIM waveguide evolves into an Insulator-Metal-Insulator-Metal-Insulator 
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(IMIMI) waveguide which can support long range modes with much longer 

propagation lengths. The schematics of the MIM and IMIMI waveguides are 

shown in Fig. 5.2.  

 

Figure 5.2 Schematics of the MIM (Fig. 3.1(b)) and IMIMI plasmonic waveguides. 

 

 The IMIMI waveguide can be treated as two Insulator-Metal-Insulator 

(IMI) waveguides stacked in parallel. Each IMI waveguide supports a long-range 

antisymmetric mode and a short-range symmetric mode [81] as illustrated in Fig. 

5.3(a) and 5.3(b).  

 

Figure 5.3 Illustrations of mode formation in the IMIMI waveguide in terms of the transverse 

electric Ez field profile. IMI: (a) Two AL modes, (b) two SS modes, IMIMI: (c) SL, (d) SS, (e) AL, 

and (f) AS (Figures are reproduced from Fig. 2 in [81]). 

 

Here the mode symmetry refers to the symmetry of the transverse electric field Ez 

with respect to the waveguide centre. When the two IMI waveguides are brought 

together, their modes are merged into four coupled plasmonic modes: a) 

symmetric long range (SL), b) antisymmetric long range (AL), c) symmetric short 

range (SS), and d) antisymmetric short range (AS) as illustrated in Figs. 5.3(c-f). 

The two short range modes have similar propagation distances as the MIM 

waveguide with thick metal layers, while the two long range modes have much 
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longer propagation lengths. The long propagation lengths of the long range modes 

are due to weaker fields inside the metal layers, which lead to lower ohmic loss. 

The characteristics of the four modes in an IMIMI waveguide have been studied 

in detail in [81]. Here, we are interested in evaluating the IMIMI structure for 

nonlinear waveguide applications. 

 The dispersion equation for the antisymmetric modes in an IMIMI 

waveguide is given by [81] (assuming the same insulator material for the three 

insulator layers and the same metal material for the two metal layers) 

]
/)sinh(/)cosh(

/)cosh(/)sinh(
[)

2
tanh()(

oxmoxmmm

oxmoxmmm
ox

oxm

mox

bkkbkk

bkkbkka
k

k

k












 ,             (5.3) 

and for the symmetric modes tanh in Eq. 5.3 is replaced by coth. In the above, k is 

the transverse propagation constant in the insulator (kox) or metal (km) layers, ε is 

the relative permittivity of the insulator (εox) or metal (εm) layers, a is the thickness 

of the center insulator layer and b is the thickness of the metal layers. 

 We consider an IMIMI structure composed of Al metal layers and a center 

Al2O3 insulator layer of 3nm thickness. For simplicity we also assume the outer 

insulator layers to be Al2O3. We vary the thickness of the metal layers of the 

IMIMI waveguide and calculate the propagation constants for the antisymmetric 

and symmetric modes at 1.55μm wavelength using Eq. 5.3.  

 

Figure 5.4 Calculated (a) attenuation constants and (b) phase constants for the antisymmetric (AL) 

and symmetric (SL) modes at the 1.55μm wavelength for the IMIMI waveguide at different single 

metal layer thickness. The attenuation constants and phase constants of the two modes from the 

IMI waveguide with the same total metal thickness are also given for reference. 
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 The attenuation constants and phase constants obtained are plotted in Figs. 

5.4(a) and 5.4(b), respectively. On the same plots, we also show the attenuation 

constants and phase constants of the two modes for the IMI waveguide with the 

same metal thickness. It is seen that the two long range modes converge to the 

same mode when the metal thickness is greater than 40nm. In addition, due to the 

ultra-thin centre insulator layer, the two long-range modes behave similar to the 

odd and even modes of an IMI waveguide. 

 The two long range modes are found to exist only when the thickness of 

the metal layer is reduced to below about 80nm. With the metal thickness set at 

40nm, we calculated the propagation lengths of the two long range modes at the 

1.55μm wavelength to be: a) 292μm for AL and b) 291μm for SL. These values are 

much higher than that of the MIM plasmonic waveguide (1.27μm). Their 

propagation lengths are further increased if the thickness of the metal layers can 

be further reduced, as indicated by Fig. 5.4(a). In Fig. 5.5 we plotted the 

transverse electric field Ez profiles for the two long range modes. It is seen that the 

field for both long range modes resides mainly in the outer insulator layers and 

only a weak field exists in the center insulator gap. Thus the long range modes 

have poor field confinement, which is a trade-off for the long propagation lengths. 

 

 

Figure 5.5 Transverse electric Ez field profiles (at 1.55μm wavelength) for the IMIMI waveguide: 

(a) SL and (b) AL with 40nm thick metal layers and a 3nm thick center insulator layer. 

 

 We also calculated the responsivity (at a propagation distance of 3LP) of 

the IMIMI waveguide operating at the two long-range modes for rectifying CW 
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signal at the 1.55μm wavelength and average power of 0.362mW using Eq. 3.26 

and Eq. 3.12. The results are compared with the MIM structure in Table 5.2. It is 

apparent that both long-range modes provide low responsivity due to the 

extremely low power confinement. 

 

Table 5.2 Responsivity comparison of MIM and IMIMI waveguides for rectifying CW signal at 

1.55μm wavelength. 

Type MIM IMI1MI2(AL) IMI1MI2(SL) 

Dimensions I=3nm, M=200nm I1=3nm,I2=200nm, M=40nm 

Confinement (%) 98.6 1.43×10
-5
 8.26×10

-3
 

Attenuation constant (1/m) 7.85×10
5
 3.42×10

3
 3.43×10

3
 

Phase constant (rad/m) 2.18×10
7
 8.42×10

6
 8.42×10

6
 

Peak gap voltage drop (V) 0.1 ~0 9.14×10
-4

 

Lp (μm) 1.27 292 291 

Rectified DC current (A) 1.24×10
-8

 ~0 2.36×10
-10

 

Responsivity (A/W) 3.43×10
-5

 ~0 7.18×10
-7

 

 

5.4 Metal-Insulator-Semiconductor Nanoplasmonic Waveguides  

 

Besides MIM junctions, another type of electron tunneling junctions that can 

support surface plasmon polaritons is the Metal-Insulator-Semiconductor (MIS) 

junction. Fig. 5.6(a) shows a schematic of a MIS junction, which consists of a thin 

insulator layer sandwiched between a metal layer and a thick semiconductor layer. 

A typical band diagram of the MIS tunnel junction is given in Fig. 5.6(b). MIS 

diodes are commonly used as photodetectors which produce a photocurrent when 

illuminated by radiation with energy above the semiconductor bandgap. The 

insulator layer thickness in these devices is typically greater than 5nm while the 

semiconductor layer has a thickness of hundreds of nanometers [82], which is 

determined by the absorption length of the incoming radiation. For a junction with 

insulator thickness greater than 5nm, electron tunneling across the potential 

barrier is greatly inhibited. As a result the total current in the MIS diode is 

dominated by the photocurrent. When the thickness of the insulator is reduced to 



97 
 

below 3nm, electron tunneling current becomes more significant. Since the 

temporal response of the photocurrent is determined by the electron transit time 

across the semiconductor layer (or more precisely, across the depletion region at 

the semiconductor-insulator interface), it is much slower than the tunneling 

current. Typical MIS photodiodes have a response time in the order of 10
-11

s [83], 

and are thus not suitable for ultrafast applications. 

 

(a)                                              (b)    

Figure 5.6 (a) Schematic of a MIS junction and (b) typical band diagram of a MIS junction with 

insulator layer thickness d and metal-insulator barrier height of Фb. 

 

 For ultrafast THz and second harmonic pulse generation, the MIS junction 

must be operated in the regime where the tunneling current dominates, so the 

insulator layer must be kept thin. In addition, for low loss plasmonic propagation, 

the guided radiation must have energy below the semiconductor bandgap. This 

effectively precludes the generation of the photocurrent due to single photon 

absorption. However, there is photocurrent generated due to two-photon 

absorption. To simplify our analysis, we do not include the effects from two-

photon absorption which will be considered in a future study. In here, we assumed 

that the I-V characteristic of the junction is solely due to electron tunneling.  

 We considered an MIS plasmonic waveguide consisting of a 3nm layer of 

SiO2 sandwiched between a 200nm Au layer and a 350nm thick Si layer. The 

indexes of SiO2 and Si are 1.44 and 3.48, respectively, at the 1.55µm wavelength. 

Since the bandgap of Si is 1.1eV [84], the waveguide can support plasmonic 

propagation in the telecom wavelength range. MIS waveguides based on Au-SiO2-
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Si material system have been extensively studied recently [85]. We calculated its 

mode characteristics at the 1.55μm wavelength and plotted the transverse electric 

field Ez and magnetic field Hy in Fig. 5.7. Due to the index discontinuities at the 

Si-SiO2 and SiO2-metal interfaces, the electric field Ez is seen to be strongly 

confined and enhanced within the insulator layer [85]. This field enhancement 

creates a large voltage drop across the insulator gap leading to a high electron 

tunneling probability. The MIS waveguide can achieve a propagation length of 

42μm, which is much longer than the 1.27µm of the Al-Al2O3-Al MIM plasmonic 

waveguide. However, as shown in Fig. 5.7(b), the magnetic field in the MIS 

waveguide penetrates deeply into the semiconductor layer. As a result, the power 

confinement inside the insulator layer is calculated to be only 5.1%. 

 

 

Figure 5.7 Normalized (a) transverse electric field Ez and (b) transverse magnetic field Hy profiles 

for the Au-SiO2-Si waveguide at 1.55μm wavelength with an insulator layer thickness of 3nm. 

 

 The band diagram of the Au-SiO2-Si tunneling junction is shown in Fig. 

5.8(a). With a positive DC bias voltage applied to the Au layer, the dark tunneling 

current of the Au-SiO2-Si junction could be calculated using the following 

equations [86] 

]1))[exp(exp()exp()( 2* 



kT

qV

kT

q
qdTAVJ biasB

TTbias



 ,    (5.4) 

where A
*
 is the effective Richardson constant, T is the temperature, q is the 

electron charge, d is the thickness of the junction, k is the Boltzmann constant, η is 
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ideality factor, is the tunneling probability, ФB is the metal-

insulator barrier height and ФT is the insulator-semiconductor barrier height. 

Assuming an ideality factor of 1 and using Eq.5.4 and junction parameters in Fig. 

5.8(a), we calculated the dark tunneling current of the Au-SiO2-Si junction at 

different bias voltages and plotted the results in Fig. 5.8(b). The nonlinear 

conductivity parameters σ1 and σ2 computed from Eq. 3.9 and Eq. 3.10 and are 

plotted in Fig. 5.8(c) and Fig. 5.8(d). It is seen that σ2 achieves a peak value of 

8.5×10
-13

Ω
-1

/V when biased at around 1V. 

 

 

Figure 5.8 Plots of (a) band diagram of an Au-SiO2-Si junction with 3nm thick SiO2 layer and 

350nm thick Si layer, (b) calculated dark tunneling current of an Au-SiO2-Si junction with a 

barrier width of 3nm, (c) nonlinear conductivity σ1 and (d) σ2 for the MIS junction at different bias 

voltages. 

 

 We next calculated the responsivity of the MIS waveguide for rectifying 

CW signal at the 1.55μm wavelength. The MIS waveguide length was assumed to 

)exp( TT qd 

0 0.2 0.4 0.6 0.8 1

10
-6

10
-5

10
-4

10
-3

Bias voltage - (V)

J
 -

 (
A

/m
2
)

 

 
(b)

0 0.2 0.4 0.6 0.8 1
0

0.5

1

1.5

2

x 10
-8

Bias voltage - (V)

σ
1
 -

 (
Ω

- 1
/m

)

(c)

0 0.2 0.4 0.6 0.8 1
0

2

4

6

8

x 10
-13

Bias voltage - (V)

σ
2
 -

 (
Ω

- 1
/V

)

(d)

 

 



100 
 

be 3LP and the average input power was 0.362mW with 1V bias voltage (optimum 

bias voltage). The responsivity and other parameters are given in Table 5.3. It is 

clear that the MIS plasmonic waveguide has a lower responsivity (operates at 

optimum condition with 1V bias voltage) than the MIM waveguide (operates at 

optimum condition with 1.1V bias voltage) due to lower power confinement and 

lower effective second-order nonlinear conductivity at the bias voltage of 1V 

voltage (optimum bias voltage).
 

 

Table 5.3 Optimum responsivity of the Au-SiO2-Si plasmonic waveguide for CW signal 

rectification. (An incident CW signal at 1.55μm wavelength and average power of 0.362mW is 

assumed. The results from the Al-Al2O3-Al plasmonic waveguide are given as a reference.) 

Type MIS MIM 

Dimensions I=3nm,M=200nm,S=350nm I=3nm, M=200nm 

Confinement % 5.1 98.6 

Attenuation constant (1/m) 2.37×10
4 

7.85×10
5
 

Phase constant (rad/m) 1.42×10
7 

2.18×10
7
 

Peak gap voltage drop (V) 1.34×10
-3
 0.1 

Lp (μm) 42.1 1.27 

Optimum bias voltage (V) 1 1.1 

Responsivity (A/W) 5.5×10
-10

  8.00×10
-4

 

 

 

Figure 5.9 Plot of the responsivity of the Au-SiO2-Si plasmonic waveguide with 3nm thick SiO2 

layer for rectifying CW signal of 1.55μm wavelength and average power of 0.362mW at different 

bias voltages. 
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 In Fig. 5.9 we plotted the calculated responsivity vs. bias voltage of the 

Au-SiO2-Si plasmonic waveguide. A maximum responsivity of 5.5x10
-10

 A/W can 

be achieved when the bias voltage is set at 0.97V. This value is still much lower 

than the achievable responsivity of an MIM waveguide. However, even though 

the MIS waveguide shows worse performance than the MIM waveguide, there are 

a few positive features for this type of devices that should not be neglected. 

Firstly, it is worth noticing that the tunneling current density of the Au-SiO2-Si 

junction under forward-bias condition increases exponentially when the insulator 

gap thickness is reduced to below 2.8nm [86]. For example, with a gap thickness 

of 2.2nm, the tunneling current density (under the same bias condition) of the MIS 

junction is increased by a factor of 10
6 

[86], which could greatly improve the 

second-order nonlinear conductivity of MIS plasmonic waveguides. Secondly, the 

much longer propagation length of the MIS plasmonic waveguide (compared to 

MIM waveguides with the same insulator thickness) helps to improve the 

efficiency of the nonlinear frequency conversion processes. Thirdly, the large 

dimensions of the MIS waveguides make their fabrication easier and also allow 

them to be better integrated with other on-chip structures such as silicon photonic 

waveguides. For these reasons, MIS plasmonic waveguides are still attractive 

candidates for on-chip nonlinear plasmonic applications that should be further 

explored.  

 

5.5 Summary 

 

In this chapter we provided further analysis of nonlinear MIM waveguides and 

investigated alternative waveguide designs, material systems and tunneling 

junctions. We found that while the MIM junction can provide third-order 

nonlinear conductivity, its effect is much smaller than the second-order 

nonlinearity. As a result, the quadratic conductivity model is found to be sufficient 

for investigating nonlinear processes in MIM waveguides. We also investigated 

the use of long range modes in IMIMI plasmonic waveguides for improving the 

nonlinear frequency conversion efficiencies. We found that although the 
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propagation lengths of these long range modes are a few orders of magnitude 

larger than those of the short range modes, most of the field exists outside the 

structure and very weak field develops across the insulator gap. As a result the 

effective nonlinearity is actually weaker than the more strongly confined short 

range modes with optimum metal thickness of 200nm for achieving maximum 

responsivity. 

 We also explored other material systems for implementing the MIM 

waveguide structure. Compared to commonly used plasmonic metals such as Ag 

and Au, Al is found to be a better material for nonlinear plasmonic applications 

due to its high plasma frequency, relatively low loss, suitable work function, easy 

fabrication and compatibility with CMOS technology.  

 Finally we also investigated MIS plasmonic waveguides as an alternative 

structure to MIM junctions. An Au-SiO2-Si MIS waveguide with a 3nm thick SiO2 

gap can achieve a propagation length 30 times that of an MIM waveguide. 

Although the responsivity of the MIS waveguide for rectifying CW signals at the 

1.55μm wavelength is poorer than that of the MIM waveguide, the long 

propagation length and large dimensions of the waveguide make it an attractive 

alternative platform for realizing nonlinear plasmonic devices that can be 

integrated with other photonic components.  

 

 

 

 

 

 

 

 

 

 

 

 



103 
 

Chapter 6 

 

Conclusion and Future Work 

 

6.1 Summary of Research 

 

This thesis focuses on the analytical and numerical investigation of MIM 

nanoplasmonic waveguides in the presence of electron tunneling for ultrafast and 

broadband nonlinear optical applications such as rectification, second-order 

harmonic generation and frequency mixing. We also investigated improved 

antenna designs for achieving ultra-wideband efficient coupling of THz radiation 

to MIM waveguides. Below we summarize the key findings of the research. 

 In chapter 2 the performance of antenna-coupled lumped MIM diodes for 

THz detection was analyzed in detail. We found that antenna-coupled MIM diodes 

generally have poor detection efficiency and restricted bandwidth operation due to 

two main causes: 

(i) MIM junctions typically have large impedance in the kΩ-MΩ range, 

leading to a large impedance mismatch between the diode and a 

typical planar antenna with impedance of 50Ω. This results in poor 

coupling of radiation to the MIM diode. 

(ii) The bandwidth of the MIM diode is restricted by the RC time 

constant as determined by the antenna impedance and the junction 

capacitance. The RC time constant sets a cut-off frequency beyond 

which rectification cannot be carried out efficiently.  

 In addition, antenna-coupled MIM detectors commonly use the standard 

bowtie antenna design which cannot provide the wide bandwidth required for 

coupling THz radiation to the diode. Using geometrical modification technique, 

we propose a new THz antenna design based on the split-arm bowtie geometry 

that can receive THz pulse as short as 1ps duration (up to 1THz bandwidth). The 

design principle behind the proposed antenna is to achieve proper surface current 
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distribution in the bowtie arms, via the adjustment of the number of arms, flare 

angles and split angles. The split-arm configuration is equivalent to connecting 

multiple bowtie antennas in parallel with reduced overall antenna impedance and 

enhanced bandwidth. The new design enables ultrafast THz pulses to be 

efficiently coupled to the MIM detector or radiated out from the MIM detector. 

 In chapter 3, we theoretically investigated nonlinear MIM nanoplasmonic 

waveguides in the presence of electron tunneling across the MIM junction. The 

structure behaves as a traveling-wave detector when used to rectify continuous-

wave and pulsed signals. Modeling electron tunneling as an effective nonlinear 

conductivity in the insulator layer, we developed equations based on the Coupled 

Mode Theory for analyzing optical rectification and second harmonic generation 

in the MIM waveguide under both CW and pulsed excitations. Our theoretical 

analysis showed that as a traveling-wave detector, the MIM plasmonic waveguide 

provides three key advantages over the lumped MIM detector: (a) broad electrical 

and optical bandwidths by overcoming the RC time constant of the MIM junction, 

(b) improved responsivity for THz detection by allowing the signal to propagate 

along the waveguide thereby increasing the nonlinear interaction length, and (c) 

low characteristic impedance that can be better matched to typical antenna 

impedance of 50Ω, allowing detector coupling efficiency near unity to be 

achieved.  

 In chapter 4, we developed a nonlinear FDTD algorithm for performing 

rigorous numerical analysis of MIM nanoplasmonic waveguides. The FDTD 

method incorporates the nonlinear conductive constitutive relation of the MIM 

junction and accounts for metal dispersion via the Auxiliary Differential Equation 

method. The simulation results not only served to validate the approximate 

theoretical analysis based on the Coupled Mode Theory, but also enabled more 

accurate analysis of dispersive effects associated with nonlinear pulse propagation 

in the MIM waveguides.  

 Both theoretical and numerical analysis of the MIM plasmonic waveguide 

under pulsed excitation revealed important characteristics of the structure which 

could lead to novel applications. Specifically, we demonstrated that the structure 
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can rectify ultrafast optical pulses yielding single-cycle THz pulses. As a result, 

the device has potential application for on-chip THz source generation. Other 

applications of the MIM structure include second harmonic pulse generation, 

frequency mixing of two optical pulses which could have applications in all-

optical logic operations, and plasmonic switching and modulation. 

 In chapter 5, we expanded the scope of our analysis beyond second-order 

nonlinear conductivity in MIM structures and explored alternative plasmonic 

waveguide designs, material systems and tunneling junctions. Firstly, we 

investigated the strength of the 3
rd

 order nonlinear conductivity in the MIM 

junction and found that its effect is much smaller than that of the second-order 

conductivity. Secondly, we compared the advantages and disadvantages of using 

Al as the plasmonic material against other commonly used metals such as Au and 

Ag. We concluded that overall the Al-Al2O3-Al structure provides better nonlinear 

device performance as well as compatibility with the CMOS process. Thirdly, we 

considered the possibility of using long range modes in MIM waveguides for 

enhancing the nonlinear interaction length, but found that the overall responsivity 

is still lower than the short range MIM mode due to poorer field confinement. 

Lastly, we investigated nonlinear plasmonic waveguides based on the MIS 

tunneling junction and found that these structures have lower nonlinear 

conductivity than MIM structures. Nevertheless, the low loss and ease of 

integration with photonic waveguides make these structures attractive candidates 

for nonlinear plasmonic device applications. 

 

6.2 Major Contributions of This Work 

 

The major contributions of this work are as follows: 

 1) Proposal of nonlinear MIM nanoplasmonic waveguides based on 

electron tunneling: We exploit the nonlinear current-voltage relation of an MIM 

tunneling junction to incorporate ultrafast, second-order nonlinear conductivity 

into the plasmonic waveguide. The structure enables second-order frequency 

conversion processes such as optical rectification, second harmonic generation, 
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and sum and difference frequency generations to be achieved on a nanoplasmonic 

platform. We also explored nonlinear MIM waveguides based on long range 

surface plasmon modes and nonlinear plasmonic waveguides based on Metal-

Insulator-Semiconductor tunneling junctions. 

 2) Derivation and solution of the Coupled Mode Theory equations for 

wave couplings in a nonlinear conductive medium under continuous-wave and 

pulse excitations.  

 3) Development and implementation of a nonlinear Finite Difference Time 

Domain method for simulating plasmonic waveguides with nonlinear conductivity. 

The method allows accurate simulation of more complex nonlinear plasmonic 

devices based on electron tunneling junctions such as MIM and MIS junctions. 

 4) Proposal and analysis of broadband THz antennas based on the split-

arm bowtie design. We showed that the new antenna design could achieve a -

10dB return loss bandwidth of more than 1THz and could thus be used to 

receive/radiate ultrafast pulses. 

 

6.3 Future work 

 

This work theoretically and numerically demonstrated the feasibility and 

achievable performance of MIM nanoplasmonic waveguides for nonlinear 

frequency conversion and signal processing applications. Future work could focus 

on the practical realization and further optimization of the device, as suggested 

below. 

 

 1) Device optimization: Research work can focus improving in and out 

coupling of radiation to the MIM plasmonic waveguide. Instead of using coupling 

antennas, the MIM waveguide may be embedded in an optical or plasmonic 

waveguide that can guide light into and out of the nonlinear MIM section. To 

further improve the electrical bandwidth of the device, dispersion compensation 

technique can be applied to design waveguides with lower dispersion. To reduce 

waveguide loss and improve nonlinear efficiency, parallel arrays of MIM 
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waveguides can be considered. The use of amorphous metals can potentially be 

used to reduce ohmic loss. 

 

 2) Device fabrication: The Al-Al2O3-Al plasmonic waveguides studied in 

this work can be fabricated using standard thin-film deposition and electron beam 

lithography processes. The device can be fabricated on a Silicon-on-Insulator 

substrate which is a popular platform for silicon photonic devices. The Al metal 

layers could be deposited by RF sputtering while the insulator layer can be grown 

by native oxidation in a controlled environment to achieve the desired insulator 

thickness. Electron beam lithography can be used to pattern the lateral dimension 

of the MIM waveguide as well as the split-arm bowtie antennas. 

 

 3) Experimental demonstration of practical applications: The ultimate test 

of the usefulness of the proposed nonlinear MIM nanoplasmonic waveguides 

would be to demonstrate their practical applications for on-chip single-cycle THz 

pulse generation, second harmonic generation, as well as plasmonic switching and 

modulation. 

 

 4) Rigorous 3D FDTD simulations: the nonlinear FDTD algorithm can be 

extended to handle three-dimensional structures for more rigorous and realistic 

simulations of MIM nanoplasmonic waveguides.  
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Appendix A  

 

Simulation Results for the Multi-arm Bowtie Antennas 

 

This Appendix provides additional results for our multi-arm bowtie antenna 

designs that are not given in chapter 2. Three antenna arm length investigated for 

our designs are λe, 1.5λe and 2λe, where λe (58μm) is the effective wavelength at 

1.5THz on a Si substrate (εSi =11.9 [44]). In here, we will present results for the 

different antennas and compare with the traditional single-arm bowtie antenna. 

 

A.1 Bowtie Antenna with a 60
o
 Flare Angle  

 

The gain profiles, radiation efficiency and radiation patterns of the bowtie antenna 

with a flare angle of 60
o
 are given in Fig. A.1, showing good antenna gain and 

radiation efficiency. 

 

Figure A.1 Plots of (a) frequency dependent peak gain and (b) radiation efficiency of the bowtie 

antenna with a flare angle of 60o at arm length of  λe, 1.5λe and 2λe. 

 

 Antenna radiation patterns provide good visualizations of the directivity. 

Fig. A.2 plots the radiation patterns (x-z and y-z plane cuts) of the bowtie 

antennas with the three different arm lengths at frequencies 0.8THz, 1.5THz and 

2THz. The 0
o
 angle corresponds to the positive Z direction. The radiation patterns 

0.5 1 1.5 2 2.5
1

2

3

4

5

6

Frequency (THz)

P
e
a
k
 g

a
in

 (
d
B

)

(a)

 

 
λe

1.5λe

2λe

0.5 1 1.5 2 2.5
0.4

0.5

0.6

0.7

0.8

0.9

1

Frequency (THz)

R
a
d
ia

ti
o
n
 e

ff
ic

ie
n
c
y
 (

a
.u

.)

(b)

 

 

λe

1.5λe

2λe



117 
 

are observed to gradually change with increasing frequency and the bowtie 

antenna favours receiving from the direction normal to substrate surface.  

 

 

 

Figure A.2 Radiation patterns of the bowtie antenna with a flare angle of 60o at arm length of λe, 

1.5λe and 2λe (λe=58μm at 1.5THz on Si substrate) at frequencies of 0.8THz, 1.5THz and 2THz. 

The radiation patterns were observed at the XZ and YZ planes. 

 

A.2 Multi-arm Bowtie Antenna 

 

We next present results for the proposed multi-arm bowtie antennas in terms of 

antenna impedance, S11, peak gain, efficiency, and radiation patters. 
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A.2.1 Antenna arm length of λe 

 

   

   
Figure A.3 Plots of (a) reactance (dashed), resistance (solid), (b) S11, (c) efficiency, (d) peak gain, 

and (e) radiation patterns: 1) XZ plane/0.8THz, 2) YZ plane/0.8THz, 3) XZ plane/1.5THz, 4) YZ 

plane/1.5THz, 5) XZ plane/2THz and 6) YZ plane/ 2THz for Bowtie, 2×30o, 3×20o and 4×15o with 

λe arm length. 
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A.2.2 Antenna arm length of 1.5λe 

 

   

  

Figure A.4 Plots of (a) reactance (dashed), resistance (solid), (b) S11, (c) efficiency, (d) peak gain, 

and (e) radiation patterns: 1) XZ plane/0.8THz, 2) YZ plane/0.8THz, 3) XZ plane/1.5THz, 4) YZ 

plane/1.5THz, 5) XZ plane/2THz and 6) YZ plane/ 2THz for Bowtie, 2×30o, 3×20o and 4×15o with 

1.5λe arm length. 
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A.2.3 Antenna arm length of 2λe 

 

Figure A.5 Plots of (a) reactance (dashed), resistance (solid), (b) S11, (c) efficiency, (d) peak gain, 

and (e) radiation patterns: 1) XZ plane/0.8THz, 2) YZ plane/0.8THz, 3) XZ plane/1.5THz, 4) YZ 

plane/1.5THz, 5) XZ plane/2THz and 6) YZ plane/ 2THz for Bowtie, 2×30o, 3×20o and 4×15o with 

2λe arm length. 
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In the multi-arm configuration, the antenna generally demonstrates lower 

reactance and resistance compared to the traditional bowtie antenna. This is 

primarily a consequence of the parallel connection of the multi-arms. Also, the 

impedance frequency response of the multi-arm antenna has less fluctuation 

compared to the traditional bowtie antenna. As the impedance curve flattens out, 

the antenna bandwidth increases which is evident from the total or single-

resonance bandwidths. The new antenna design also demonstrates very high gain 

and efficiency. In summary, similar results are identified in the antenna impedance, 

return loss, gain and efficiency for different antenna arm lengths. The most 

distinctive behavior is observed in the antenna radiation patterns. At shorter 

effective arm length, the radiation patterns of different multi-arm antennas are 

fairly similar to one another. As the effective arm length is increased, their 

radiation patterns diverge. This behavior is caused by effectively broadened arm 

width at longer arm length, especially for the four-arm antenna with large total 

split and flare angles. 
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Appendix B  

 

Nonlinear CW Wave Propagation in MIM Nanoplasmonic 

Waveguides  

 

Derivations in Appendix B, and C are based on works done by Kothari [54] and 

Yariv and Yeh [53]. With high power and modal field confinements in the 

insulator layer, the MIM nanoplasmonic waveguide structure could be treated as a 

one-dimensional (1D) effective medium [54] with effective permittivity εR and 

conductivity σe. We analyze the 1D effective medium using the coupled mode 

theory (CMT) by assuming linearly polarized waves propagating in the x 

direction. For generalized cases, the total electric field in the waveguide is the 

sum of all field components as 


i

iEE
1

~
.                                                (B.1) 

where iE
~

 is the electric field of the component i. The wave equation for 

propagation in the 1D nonlinear medium is given by  
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 We use the coupled mode analysis to study nonlinear CW waves mixing 

(assuming two input CW waves E2(x) and E3(x)) in the MIM waveguide and 

investigate frequency difference E1(x) (ω1 = ω3 - ω2) (with ω3 > ω2) and frequency 

sum generations E4(x) (ω4 = ω3 + ω2). The total electric field includes the 

following components 
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where Ei(x) represents the slowly varying envelopes of the field components along 

the propagation direction due to both metal loss and rectification. Substituting 

Eqs. B.3 into Eq. B.2, forcing the frequency matching condition and expanding 

the derivatives, we obtain four coupled wave equations 
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The asterisk represents complex conjugate the above equations are simplified to 

be 
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Using the constitutive relation in Eq. B.3 and the condition that  
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Eqs. B.5 are further simplified into 
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To obtain simplified analytical solutions to the above equations, we notice that the 

following condition can be applied (with E2>>E1 and E3>>E4, the terms which 

contribute to the input signals due to second order nonlinear conductive effects are 

negligible compared to the input signals).  
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Eqs. B.7 are rearranged as  
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With the coordinate transformation  
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Eqs. B.9 become 
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Defining the following coefficients 
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Eqs. B.11 become 
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Analytical solution to Eqs. B.13a and B.13b can be obtained by integrating on 

both sides of  
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where Ci is an arbitrary constant. Applying the condition at x = 0 that  

22 )0( CA  ,                                                 (B.16a) 

33 )0( CA  ,                                                 (B.16b) 

we obtain 

x
eAxA 2

22 )0()(


 ,                                  (B.17a) 

x
eAxA 3

33 )0()(


 .                                  (B.17b) 

Substituting Eqs. B.17 into Eqs. B.13a and B.13d yields 
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Solution to the above equations can be obtained by using the method of 

integrating factors which is illustrated as follows for a general differential 

equation of the form 
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The integration factor F is defined as 


dxxP

eF
)(

.                                         (B.19b) 

Multiply both sides of Eq. B.19a by the integration factor F gives 
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Eq. B.19c becomes 
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Using the above approach, Eqs. B.18 can be solved to give 
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And subsequently as 
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Using the conditions that A1(0)=0 and A4(0)=0, we obtain 
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With the reverse coordinate transformation, analytical solutions to the four field 

components are given as 
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The magnitudes of the above equations describe the amplitude behaviours of the 

input CW waves and the frequency difference and sum waves as they propagate in 

the MIM waveguide. 

 When the input signals are pulse signals, the above results can also be 

used to obtain simplified analytical solutions for the bandwidth performance of 

nonlinear pulse propagation in the MIM nanoplasmonic waveguide. A Gaussian 

pulse can be expressed as 
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where τi is the full width half magnitude (FWHM) pulse width of the input 

Gaussian pulse i. By substituting Eq. B.24 into Eqs. B.25, we obtain the 

normalized envelopes of the output components as  
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The above expressions indicate the FWHM pulse widths of the output 

components. 
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Appendix C  

 

Nonlinear Pulse Rectification, Second Harmonic Generation 

and Two Pulses Mixing 

 

In the case of one excitation optical pulse, the total electric field contains field 

components of the rectified, input and second harmonic pulses which are given as 
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where Ei(x,t) represents the slowly varying envelopes of the different pulse 

components. Substituting Eqs. C.1 into Eq. B.2 and forcing the frequency 

matching condition, we obtain the propagating equations for the different fields as 
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With the slow envelope approximation and follow the approach given in 

Appendix B, Eqs. C.2 can be simplified as 
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The transformation to the retarded frame [68] of reference is defined as 

),(),( x
v

x
tExtE

i

ii  .                                      (C.4) 

Using the above transformation and the coordinate transformation in Eq. B.10, 

and replacing T by t in the final expressions, we obtain 
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In the above, the asterisk represents complex conjugate. The above equations 

describe the propagation of the envelopes of the three pulses in the MIM 
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waveguide. They can be solved using the finite difference time domain method 

(FDTD) [67]. 

 For the case with two input pulses (E2 and E3), the major field components 

in the mixing process are identified as the two fundamentals (E2 and E3), two 

second harmonics (E4 and E6), frequency difference (E1), frequency sum (E5) and 

the rectified (E0). They are represented by 

x
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where i=1:6. Substituting the Eqs. C.6 into Eq. B.2, forcing the frequency 

matching condition and using similar approach as for the second harmonic 

generation case, we obtain the propagating equations for the different field 

components in the MIM waveguide. For simplification, we only consider 

dominated frequency terms for the following equations. 
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The above equations can be solved using the finite-difference time-domain 

method for both the spatial and time dependences. 
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Appendix D 

 

Absorbing Boundary Condition for FDTD Simulation 

 

With limited computational resource such as time and computer memory, the 

FDTD simulation must be restricted to a reasonable numerical size. As a result, 

the simulation domain needs to be truncated and terminated with a boundary 

condition which absorbs all outgoing electromagnetic waves as if the structure 

extends beyond the FDTD simulation domain. In addition, negligible reflection is 

required for the boundary condition. 

 Different types of absorbing boundary conditions have been proposed for 

the FDTD algorithm. Among them, the perfect match layer (PML) technique is 

the most popular [69]. It achieves low reflection based on impedance matching 

between the simulation domain and the artificial lossy PML material which 

gradually attenuate any outgoing fields. To achieve impedance matching and 

introduce loss, the properties of PML material must satisfy the following 

governing equation [69] 
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where σ is the artificial electric conductivity, σ
*
 is the artificial magnetic 

conductivity, εr is the relative complex permittivity, and μr is the relative complex 

permeability. Furthermore, the MIM waveguide structure must be extended into 

the PML layer to maintain its structure continuity for field propagation. With the 

superimposition of the waveguide structure and the PML layer, the PML materials 

are assigned the same permittivity and permeability as the MIM waveguide 

structure. The ADE approach is also used for taking care of the PML materials. 

Since the same attenuation rate is needed for both Al and Al2O3 layers, Eq. D.1 in 

the Al2O3 layer can be used to determine the attenuation rate. 
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while for the Al layer  
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where CC is a constant used to determine the attenuation rate. The optimum value 

of the maximum conductivity is calculated as [69]  
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In the above, n is the order number which determines the conductivity profile 

inside the PML layer, R is the expected level of reflection, C is the speed of light 

in vacuum and L is the total thickness of the PML layer. Generally, the artificial 

conductivity in the PML layer is gradually turned on from the PML-FDTD 

boundary. As the thickness of the PML layer increases, the conductivity increases. 

Maximum conductivity appears at the maximum PML thickness. The conductivity 

profile in the PML layer is governed by 
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From Eq. D.2a and Eq. D.3, we are able to calculate σmax and σmax
*
. We also 

denote the following constitutive relation for the loss introduced by the artificial 

conductivity in the PML material 
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and in the ADE form 
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where J has the same expression as the polarization current of Al. The TM mode 

fields update equations in the PML region will be (based on the TM mode 

equations given in Chapter 4) 
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Following this procedure, we are able to implement effective absorbing boundary 

condition for the MIM nanoplasmonic waveguide.  

 

Figure D.1 Schematic of the 2D FDTD simulation domain for the MIM waveguide.  

  

 In the simulation, the excitation source is injected from the left end of the 

waveguide and propagates towards the right end as illustrated in Fig. D.1. Since 

the field propagates in parallel with the sidewalls, we only need to terminate the 

right end side of the waveguide with PML materials. With thick metal layers, the 

two sidewalls can be terminated with perfect electric conductor (PEC) boundary 

conditions. 

 

 

 

 


