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Abstract 

Nanotechnology is providing the engineering community with a new set of tools to 

design and manufacture novel nanoscale devices, which are able to perform simple 

tasks , such as computing, data storing, sensing and actuation. The integration 

of several of these nano-devices into a single entity will enable the development 

of advanced nanomachines. By means of communication, nanomachines will be 

able to organize themselves in networks, or nanonetworks, and complete more 

complex tasks in a distributed fashion , such as wireless nanosensor networks for 

advanced health monitoring and drug delivery systems, wireless networks on chip 

for massive multi-core computing architectures and , ultimately, the Internet of 

Nano-Things. However , traditional communication technologies and techniques 

cannot simply be reused to enable the communication between nanomachines, due 

to the capabilities of nano-devices and the physics of the wireless channel. In 

this context, the objective of this thesis is to establish the theoretical foundations 

of high frequency electromagnetic (THz) and optical wireless communications 

at the nanoscale. Imposed by the size constraints of nanomachines, first , a 

unified mathematical framework is developed to investigate the performance 

in transmission and reception of metallic nano-dipole antennas at infrared and 

visible optical frequencies. Starting from the study of the propagation properties 

of surface plasmon polariton (SPP) waves on the metallic nano-dipoles, a new 

antenna theory for nano-structures is derived. Motivated by these results, the 

Xlll 



use of wireless optical communication for on-chip networks is proposed . To assess 

the feasibility of this paradigm , new frequency and time domain channel models 

that capture the propagation of optical wireless signals on chip are developed , by 

combining tools from ray tracing and communication theory. In order to increase 

the communication distance, there is a need to reduce the system frequency, while 

still keeping the size of the nano-antennas small . For this, the use of the THz-band 

is motivated. In order to close the THz gap , a new on-chip plasmonic THz source 

based on a high-electron-mobility t ransistor (HEMT) with asymmetric boundary 

conditions is proposed and analytically and numerically modeled. A new multi

physics simulation platform that self-consistently solves the Hydrodynamic Model 

equations and the Maxwell?s equations is developed and used to study the impact 

of different design elements on the radiated fields. 

XlV 



CHAPTER 1 

Introduction 

Nanotechnology is providing a new set of tools to the engineering community 

to control matter at an atomic and molecular scale. At this scale, novel nano 

materials show new properties not observed at a tomic and microscopic level. 

Nano materials can be utilized to build new nano-components with unprecedented 

performance e.g. , nanotube-based sensors, graphene-based t ransistors, zincoxide 

piezoelectric generators, etc. By exploiting these properties, a new generation 

of nanoscale components with unprecedented functionalities is being developed . 

The integration of several of these nano-devices into a single entity will enable the 

development of advanced nanoscale machines. More importantly, similarly to the 

way in which communication among computers enabled revolutionary applications 

such as the Internet , by means of communication, nanomachines will be able to 

organize themselves in networks, or nanonetworks, and complete more complex 

t asks in a distributed fashion, such as wireless nanosensor networks for chemical 

and biological attack prevention, advanced health monitoring systems, agricultural 

and plant monitoring, optimization and control of chemical reactors , or wireless 

networks on chip. The resulting nanonetworks, i.e., networks of nanomachines, will 
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Figure 1.1: The internet of nano-things 

be able to cover larger areas, to reach unprecedented locations in a non-invasive 

way, and to perform additional in-network processing. 

There are different types of nanomachines; such as nanomachines engineered 

from natural biological systems: For example reuse of single functional biological 

components e.g., DNA-based memory, flagellum-based actuator. Nanomachines 

can be built be reusing an entire biological cell e.g. , genetic programming of 

bacteria. Interconnection of nanomachines is called nanonetworks e.g., to overcome 

individual limitations or to execute more complex tasks in a distributed fashion. 

Alternative communication options for nanomachines are optical communi

cation, quantum communication, acoustic (ultrasonic) communication, neuronal 

communication, bacteria communication, pheromonal communication. 

1.1 Applications of Nanonetworks 

• Military and defense applications: Biological and chemical defenses, and 

damage detection systems for civil structures, military vehicles, are examples 

of the military applications enabled by nanonetworks . For example, a network 

of nano sensors can be used to detect harmful chemicals and biological 

2 
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Figure 1.2: Nanomachine hardware architecture 

weapons with unprecedented accuracy and timeliness , from the battle-field 

to airport lobbies or a conference room. 

• Nanomachine Hardware Architecture: There are many challenges in the 

development of autonomous nanomachines . To the best of our knowledge, 

fully functional nanomachines have not been built to da te. However , sev

eral solutions for each nano component have been prototyped and tested. 

Nanomachines has several parts such as processing unit , data storage unit , 

power unit , sensing unit and communication unit. 

• Biomedical applications: The nanoscale is the natural domain of molecules, 

proteins, DNA and the major components of living cells . As a result , a 

very large number of applications of nanonetworks is in the biomedical field . 

For example, biological nano sensors made of nano material can be used 

over the human body to monitor glucose, sodium, and cholesterol , to detect 

the presence of infectious agents , or to identify specific types of cancer. A 

wireless interface between these nanomachines and a micro-device, such as a 

3 
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F igure 1.3 
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cellphone or medical equipment, could be used to collect data and to forward 

it to a healthcare provider. For example can localize cancerous cells. 

• Environmental applications: Chemical nano sensors can be used to det ect 

the chemical compounds that are being released and exchanged between 

plants. Nanonetworks can be build around classical sensor devices which are 

already deployed in agriculture fields. 

Classical communication paradigms are not directly applicable since it has size 

constraints, energy problems, medium incompatibility, etc. However communica

tion t echniques enabled by new nanomat erial properties since it incredibly fast 

and compatible with latest products from electronics. 

1.2 Summary of Contributions 

The objective of this thesis is to establish the theoretical and experimental founda

tions of nanoscale communication networks at opt ical and THz-band frequencies. 

The thesis is organized as follows. In Chapter 2, we started with modeling and 

performance analysis of metallic plasmonic nano-antennas for wireless optical 

communication in nanonetworks. In Chapter 3, we designed a specific plasmonic 

nano-detector for nanoscale optical Communication. In Chapter 4, we studied on

chip wireless optical channel modeling in time and frequency for massive multi-core 

computing architectures; Finally in Chapter 5, we studied plasmonic HEMT THz 

transmitter based on the Dyakonov-Shur inst ability and studied the performance 

analysis and impact of non-ideal boundaries. 
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Figure 1.5: Different interconnect technologies that could benefit from the rapid 
developments in the field of nanomaterials and devices . Images courtesy of a) Intel 
Corporation and Getty Images, e) IBM, and f) Nature Publishing Group 
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CHAPTER 2 

Modeling and Performance Analysis of 

Metallic Plasmonic Nano-antennas 

In this chapter, metallic plasmonic nano-antennas are modeled and analyzed 

for wireless optical communication. More specifically, a unified mathematical 

framework is developed to investigate the performance in transmission and re

ception of metallic nano-dipole antennas. This framework takes into account the 

metal properties , i.e ., its dynamic complex conductivity and permittivity; the 

propagation properties of Surface Plasmon Polariton waves on the nano-antenna, 

i.e., their confinement factor and propagation length; and the antenna geometry, 

i.e., length and radius. The generated plasmonic current in reception and the 

total radiated power and efficiency in transmission are analytically derived by 

utilizing the framework. In addition to numerical results, the analytical models are 

validated by means of simulations with COMSOL Multi-physics. The developed 

framework will guide the design and development of novel nano-antennas suited 

for wireless optical communication. 
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2.1 Motivation 

From the EM perspective, the miniaturization of a conventional metallic antenna 

to meet the size requirements of a nanomachine would theoretically result in 

very high resonance frequencies. For example, according to classical antenna 

theory, a one-micrometer-long metallic antenna would radiate at approximately 

150 THz. This is only true if the material of the antenna building components 

is assumed to be a perfect electrical conductor (PEC), i.e., a material with 

infinite conductivity. However, at the aforementioned frequencies , metals no longer 

behave as PEC [138] . On the contrary, the conductivity of metals such as gold 

or silver [88]; metamaterials, i.e., engineered materials with rationally designed 

arrangements of nano-structured building blocks [27]; as well as nanomaterials 

such as graphene [116], is a frequency-dependent complex-valued magnitude. 

The material conductivity affects the way in which a current wave propagates 

in the nano-antenna . In particular , the global oscillations of electrical charge in 

close proximity to the surface of the antenna building components, i.e., within the 

so called penetration depth , results into the excitation of a confined EM wave at 

the surface of the antenna . This peculiar EM wave is commonly referred to as a 

surface plasmon polariton (SPP) wave. The frequency at which SPP waves are 

excited depends on the material conductivity of the antenna building components. 

For example, graphene supports SPP waves a t frequencies as low as in the THz 

band (0.1-10 THz) [134], whereas in noble metals such as gold or silver, SPP waves 

are only observed at tens of THz and above [138] . 

Starting from this result, the field of plasmonic nano-antennas in the THz band 

and above has been gaining momentum. In [66], we proposed for the first time the 

use of graphene to develop THz plasmonic nano-antennas and, since then, many 

related works and ext ensions have followed [l, 66, 78, 118]. For the time being, 

however , one of the main challenges at THz frequencies is posed by the lack of 
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efficient THz sources, needed to drive the nano-antennas [67]. 

When it comes to infrared and visible optical frequencies, the possibility 

for the first time to create precise accurate nano-structures , comparable to the 

optical wavelengths in their largest dimensions and with very high aspect ratios , 

has motivat ed the development of optical nano-antennas [23 , 106]. In this case, 

optical sources such as nano-lasers [53 , 133], are more readily available. As 

explained in Sec. 2.2 , many works on the design of optical nano-antennas can 

be found in the literature. However , to the best of our knowledge, a unified 

mathematical framework able to related material properties, SPP wave behavior 

and the nano-antenna geometry with communication-relevant parameters, such as 

gain in transmission and reception is missing. 

In this chapter , we model and analyze the performance of metallic plasmonic 

nano-antennas for wireless optical communication. More specifically, we first 

develop a unified mathematical framework to investigate the performance in 

t ransmission and reception of nano-dipole antennas based on different metals. 

This framework takes into account the metal properties, i .e., its dynamic complex 

conductivity and permittivity; t he propagation propert ies of SPP waves on the nano

antenna, i.e., their confinement factor and propagation length; and t he antenna 

geometry, i.e ., length and radius. By utilizing the framework, the generated 

plasmonic current in reception and the total radiated power and efficiency in 

t ransmission are analytically derived . To validate the model, we conduct extensive 

simulations with COMSOL Multi-physics . Finally, by utilizing t he model, we 

numerically investigat e and compare the performance of the developed nano

antennas at optical frequencies and provide directions for the design of wireless 

opt ical communication systems in nano networks. 

This chapter is organized as follows. In Sec. 2.2 , we summarize the related 

works on optical nano-antenna . In Sec. 2.3 , we review the fundamental working 

principle of a plasmonic nano-antenna, describe the conductivity model utilized in 
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our analysis and analyze the SPP wave propagation properties. Then , in Sec. 2.4 , 

we formulate the EM fields on and inside the antenna, and obtain a semi-closed 

form expression for the plasmonic current in the nano-antenna. We then define the 

antenna performance metrics in far field in section 2.5. Numerical and simulation 

results are presented in Sec. 2.6 and the chapter is concluded in Sec. 2.7. 

2.2 Related Works 

Within t he last decade, there have been several fundamental works on the devel

opment of optical nano-antennas . In [31], the authors analyzed the propagation 

properties of SPP waves cylindrical or rod-type nano-antennas, by formulating 

and solving the SPP wave dispersion equation at the radial boundary condition 

a long the nano-antenna. They mainly illustrated that different radius exhibit 

different wavelength-dependent effective mode index for a cylindrical nanowire 

waveguide. Importantly, their findings indicate the increasing importance of skin 

effect for SPPs in the terahertz range and above, as well as the enhancement of 

such effects on curved surfaces. Moreover, in [55], the derivation of angle-dependent 

reflection amplitude and phase of a SPP wave at a boundary between antenna and 

surrounding area is presented and , in [55] , the impact of the nano-antenna caps is 

incorporated. All these works illustrate the fact that the nano-antenna geometry 

heavily impacts the propagation characteristics of the SPP waves. In [43, 44], the 

nano-antenna fields are characterized , starting from the estimated propagation 

constant of SPP waves on nanowires obtained by means of experimental measure

ments . Some related aspects, such as the choice of metal and the slowly decaying 

modal field , are also discussed in [38, 138]. Optical properties of metals in terms 

of intra and interband processes as well as plasma effects are described in these 

materials, such that specifically [138] provides an overview of alternative plasmonic 

materials along with motivation for each material choice and important aspects of 
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fabrication . 

Another issue usually discussed in the related works is the need to account or 

not for quantum mechanical effects. If the feature size of the nano-antenna D , i.e., 

the smallest of the critical dimensions, is less than one nanometer , the quantum 

effects need to be taken into account . In this situation, solving Maxwell equations 

using non-local bulk dielectric functions may extend the validity of the classical 

treatment. For plasmonic systems with narrow junctions, quantum-mechanical 

electron tunneling is the major nonlocal effect that determines the optical response 

of the system. In the non-contact regime, for distances D > 0.5 nm, no significant 

electron transfer can occur in-between the gap ; thus, this situation can be correctly 

described within the classical electrodynamical treatment since tunneling happens 

in distances of 0.1 < D < 0.5 nm [49]. In the latter case, appropriate approaches 

from quantum mechanics , which usually involve the combination of Schrodinger 

equation with Maxwell equations, should be solved by consistently using numerical 

methods. In this chapter , t he feat ure size is the nano-antenna gap , which is still 

several nanometers long. As a result, we consider that the quantum current density, 

which can be used as an current additional source for the Maxwell equations, can 

be ignored . 

2.3 Plasmonic Nano-antenna Model 

2.3.1 Working Principle 

The plasmonic nano-antenna design considered in the analysis, is shown in Fig. 2.1. 

The nano-antenna consists of two identical metallic arms with a feeding/receiving 

gap in between which its size is optimized . The working principle of the nano

antenna is as follows . We explain first its functioning in reception: 

• Consider an incident plane wave with polarization parallel to the plane defined 
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Figure 2.1: Plasmonic nano-dipole antenna considered in the analysis. 
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F igure 2.2: Difference between RF antenna theory and the plasmonic antenna 
theory: (a) RF antenna with only a surface current; (b) plasmonic antenna with a 
volume current and a much shorter (plasmon) wavelength-Image courtesy [43] 
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by the nano-antenna long axis and the direction of the wave propagation. 

Following the notation in Fig. 2.1, we are interested in the incident electric 

field component parallel to the z-axis , E;nc, which is given by: 

where E5nc stands for the field strength, ko refers to the wave vector, and 0 is 

the angle of incidence. When E;nc irradiates the nano-antenna, it excites the 

free electrons within the antenna penetration depth. The electronic response 

of the nano-antenna to an EM field is determined by the conductivity of 

its building material. In Sec. 2.3 .2, we describe the conductivity model for 

metals that we utilize in our analysis . 

• At the interface between the nano-antenna metallic arms and the surrounding 

medium, longitudinal SPP waves that propagate along the z-axis are excited . 

The SPP wave vector, k spp is determined by the antenna geometry, namely, 

the antenna arm radius and length , as well as on the real and imaginary part 

of the material conductivity. In Sec. 2.3.3, we deduce the dispersion equation 

for SPP waves on the antenna and analyze their propagation properties as 

functions of the material conductivity and antenna geometry. 

• To enhance the detection of the incident EM wave, we are interested in 

designing a plasmonic resonant cavity. In particular , we are interested in 

having a resonant cavity for the fundamental resonant frequency, which 

depends on the SPP wave propagation speed. In Sec. 2.4, we analyze the 

nano-antenna in reception, by starting from the formulation of the electric 

field incident to the antenna, the electric field scattered by the antenna and 

the SPP wave propagating inside the antenna. 

The same behavior holds in transmission due to the antenna reciprocity prin-
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ciple [16]. In particular , a SPP wave on the nano-antenna can be electrically 

excited by the feeding gap . The time-changing SPP wave, on its turn, induces a 

time-changing magnetic field, which on its turn generates an electric field, and 

this results in the propagation of an EM wave. As before, the performance of the 

nano-antenna in transmission depends on the conductivity of the material as well 

as on the geometry of the nano-antenna , which determine the SPP properties. In 

Sec. 2.5, we analyze the nano-antenna performance in transmission in terms of 

radiated fields and resulting directivity. 

2.3.2 Optical Conductivity Model for Metals 

The conductivity of metals at optical frequencies is a complex-valued quantity. The 

real part of the conductivity is responsible for ohmic losses whereas the imaginary 

part accounts for the phase offset between the local electric field and current 

density [101] . There are many analytical models for the conductivity of metals . In 

this chapter, we utilize the well-established Drude model, which takes into account 

the intra-band electron transitions within the metal energy band-structure [65]. 

Accordingly, the metal complex conductivity r, and its complex permittivity cm 

can be written as functions of the angular frequency, w = 21rf , as follows: 

(2 .2) 

where co is the vacuum permittivity, c00 is 1 for metals [75], TD is the electron 

relaxation time and wp stands for t he plasma wave frequency, which is given by: 

(2.3) 
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Table 2.1: Parameters for the Optical Conductivity of Metals 

Metal wP [1015 rad s-1] TD [10-14 s] ne [1028m-3] 

Cu 14.11 0.7685 8.47 
Al 22 .75 26 18.1 
Ag 13.35 0.8 5.86 
Au 13.8 3.3 5.9 

where ne is the number of electrons per unit of volume, e stands for the electron 

charge, and m* is the electron effective mass of the electron. In Table 2.1, the 

values for these parameters are summarized for different metals , including copper 

(Cu) and aluminum (Al) [38], gold (Au) [65] and silver (Ag) [80]. The choice of 

the best plasmonic material for a given application is a subject of discussion and 

research. 

In Fig. 2.3 , the real and imaginary parts of the relative permittivity for all 

four noble metals are shown as functions of frequency. The values of this figure is 

validated with actual data of [137]. The absolute value of the real and imaginary 

parts of the permittivity at higher frequencies tends to decrease, which considerably 

affects propagation of SPP waves , as we show in the next section. 

2.3.3 Surface Plasmon Polariton Wave Dispersion Equa

tion 

Next, we analytically study the propagation properties of SPP waves in the nano

antenna, by taking into account both its geometry and the complex conductivity 

of its building material. More specifically, we are interested in characterizing 

the complex SPP wave vector, k spp · The real part of the wave vector, ~{kspp}, 

determines the SPP wavelength, 

(2 .4) 

15 



200----.....------------------

0 

-200 _.,_ Re{EA }
9 

-~ Re{EAu} 

\i.) -400 -a- Re{Ecu} 

-~ Re{EAI} 

-600 I 
......,.. lm{ EAg}+ 

I -+- lm{ EAu} 
-800 - lm{ Ecu} 

......,._lm{EAI} 
-1000 L.-------IL...---.....1---.....L--.....111----... 

100 200 300 400 500 600 
Frequency [THz] 

Figure 2.3: Real and imaginary parts of the relative permittivity for different nobel 
metals as functions of frequency. 

as well as the confinement factor kspp/ ko , where ko = w/c refers to free-space wave 

vector and c is the speed of light. The imaginary part , S'{kspp } , determines the 

SPP decay or , inversely, the SPP propagation length, 

(2 .5) 

which is defined as the distance at which the SPP field strength has decreased by 

a value of 1/e. 

As mentioned before, when the antenna is illuminated by an incident plane 

wave, axially symmetrical SPP modes are excited. In particular , for the design of 

an efficient antenna, we are interested in the propagation properties of Transverse 

Magnetic (TM) SPP wave modes [16]. To obtain kspp , we need to solve the 

dispersion equation for SPP waves on the nano-antenna arms. We assume that the 
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electric field E and magnetic field ii on the antenna have the following form [31] : 

(2 .6) 

(2 .7) 

(2 .8) 

Sta rting from the Maxwell 's equations in their differential form and taking into 

account that for an axially symmetrical mode i: = 0 and i: = 0, the following 

equations can be written : 

- -j 8H¢ (r ,z)
Er (r , z ) - k 

c O 
"' uz , (2 .9) 

E ( ) = 
z r, z 

_i_! a(rH1' (r , z))
k "' ' c or ur 

(2.10) 

) = H (1' r , z 
-j (8Er (r ,z)

k "' µo o uz 
_ a Ez (r,z))

"' ur , (2.11) 

where c = cm is the relative permittivity of the region z < h or r < a and c = cd is 

the relat ive permittivity of the region defined by z > h and r > a. By taking the 

z derivative of (2 .8) , the radial component of the electric field can be written as: 

(2.12) 

By substituting (2.12) into (2 .11) and taking again the z derivative of (2.8) , the 

magnetic field can be written as: 

-jkoc dEz (r, z) 
(2.13) H¢ (r ,z) = k2 - k2 dr 

spp oc 
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Finally, by substituting (2.13) into (5 .9), the following equation for Ez is obtained: 

2 d
2
Ez(r,z) (dEz(r,z) _(2 E ( )=O

( (2.14) d(2 + d( z r' z ' 

where ( = Pm,dr and Pm,d = Jk;pp - k5c:m,dµo [31]. The solution of (2 .14) for 

Ez (r, z) has the form of Io(Pma) in the metal and Ko (pda) in the surrounding 

dielectric , where In( -) and Kn(-) are the generalized Bessel functions of first and 

second kind of order n. Substituting them into (2.13), and using the relations 

dioC:,.mr) = Pmli (pmr) and dKod~dr) = -pdK1 (pdr), the solution of H ep (r, z) can 

be determined. In particular, by taking into account the need for continuity in 

Ez (r, z) and H ep (r , z) at the surface of the antenna, i.e., at the interface between 

the surrounding dielectric and the metal, r = a, the following dispersion equation 

is obtained: 

Ko (pda) Ii (pma) 
(2.15)

K1 (pda) Io (pma) 

which can only numerically be solved. Ultimately, kspp depends on the angular 

frequency w , the cylinder radius a and the relative permittivities Em,d of the 

metal and the surrounding dielectric. In Fig. 2.4, the confinement factor for 

different metal is shown as a function of frequency; which illustrates how different 

permittivities affects the propagation properties in metals. In Fig. 2.5(a) , the 

confinement factor (2.4) for gold-based nano-antennas is shown as a function of 

frequency and for different nanowire radius . As can be seen, the confinement factor 

increases as the frequency increases. Also, by increasing the radius, the confinement 

factor will decrease. Similarly, in Fig. 2.5(b), the SPP wave propagation length (2.5) 

is shown as a function of the frequency; the smaller the radius, the shorter the 

SPP propagation length becomes . 
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Figure 2.4: Propagation properties of SPP TM modes for different metal nanowires, 
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2.3.4 Effective Resonance Length 

Besides the boundary condition imposed in the radial direction, there is another 

boundary effect that alters the propagation of SPP waves on the nano-antenna: the 

caps at the two ends. SPP waves travel along the wire length l with a propagation 

constant kspp and suffer a reflection at the two caps . To incorporate such effect in 

the analysis, the reflection coefficient R at the cap needs to be computed. 

Following the methodology introduced in [55], by taking into account the 

boundary condition at the cap, we can write: 

Er (r , z = h-) = (1 + R) ~{kspp} F(r) , (2.16) 
wc:oc: 

Hi, (r ,z = h-) = (1-R)F(r), (2.17) 

with 

if r < a, 
(2.18) 

if r > a, 

and 

(2.19) 

(2.20) 

where J1 ( . ) is the first order Bessel function of the first kind. To solve the reflection 

coefficient R , first we should find t . 

Hence by using the orthogonality property of Bessel functions of the first kind, 

(2 .19) is equated to (2 .16) , both sides multiplied by J1 (77r)r and then integrated 
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from Oto oo over r to have: 

(2.21) 

where 

Ai ( ) = Pml 2 (pma) J1 (77a) + 77Ji(pma)J2 (77a)
77

fi(pma)cm (772 + P~ ) 
(2.22) 

and 

A ( ) = PdK2 (pda) J1 (77a) - 77K1(Pda)J2 (77a)
2 77

K1 (p da) cd ( 772 + p~) 
(2.23) 

For the magnetic field Hq, , (2.20) is equated to (2.17). By multiplying both 

sides by F~)r, then integrating from O to oo over r , the final result would be: 

1-G
R = - (2.24) 

l + G ' 

where G is given by: 

(2.25) 

Finally, the resonances of the nanowire can be calculat ed by considering the 

propagation of the SPP wave along the nanowire and reflection at two caps 

as [55, 56]: 
mr- r.p 

(2.26)lres = ~{kspp } ' 

where n is the resonance order , r.p is the phase of the reflection coefficient R 

calculated from (2.24) , and kspp is the wave vector calculated by (2.15). As before, 

this can only be numerically solved. In Fig. 2.6, the resonance length for gold-based 

nano-antennas is shown as a function of frequency. The length of a resonance 

optical nano-antenna is shorter than what an ideal PEC antenna would require to 

resonate at the same frequency, due to the large confinement factor of SPP waves 
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Figure 2.6: Resonance length of a plasmonic nano-antenna as a function of 
frequency for different metals (radius a=5 nm) . 

in noble metal nanowires. 

2.4 Plasmonic Nano-Antenna: 

Performance in Reception 

In reception, we are interested in characterizing the plasmonic current generated 

a t the nano-antenna as a result of the incident EM wave. In order to determine 

the plasmonic current , we follow the conventional vector potent ial approach [16], 

but contrary to classical antenna theory for PEC antennas, we t ake into account 

tha t there is an electric field inside the antenna, within the penetration depth , 

which is the SPP wave that propagates with k spp · 

At the nanowire surface, the following boundary condition between the plas

monic field inside the nano-antenna, the incident field on the nano-antenna and 
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the scattered field by the nano-antenna needs to be satisfied: 

(2.27) 

To simplify the analysis , we make the assumption that the nanowire is effectively 

very thin and, thus, the current density Jz, the vector potential Az and the electric 

field inside the antenna E;nside depend only on z but not on r, i .e., 

Jz (r ,z) ~ Jz (z) , (2.28) 

A z (r ,z) ~ A z (z) , (2.29) 

(2.30) 

The field inside the nano-antenna E;nc in (2.27) is related to the current density 

through the material conductivity, r:, given by (2.2), i.e., 

(2.31) 

The incident field E;nc in (2.27) on the nano-antenna surface is given by (2.1). 

From [43], the scattered field by the nano-antenna, E~cat in (2.27), can be 

written as 

(2.32) 

where 

(2.33) 

and Z is the characteristic impedance of the wire , given by 

- 41r 
(2.34) Z=( )(2 2) ' Cm - 1 kspp - ko 

where cm is the metal permittivity given in (2.2) and kspp is the SPP wave vector 
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1 1

1

1

obtained from (2.15). By combining (2.31) , (2.32) , (2.33) , (2.34) , and (2.1) in 

(2.27), the following inhomogeneous differentia l equation is obtained: 

. 2 ,:,2 1 
Inc jk z J C ( u k2) µo z- J ( ) J ( )E 1 e 1 + - "' 2 + o - z z = -(-) z z . (2.35) 

w uz 41r CJ" w 

Then , as analytically shown in [43 , 44], t he total current in the nano-antenna 

Jz can be written as t he combination of the following terms 

(2.36) 

where J 11eik11z is induced by the illuminating field along the wire and J±p refers to 

two counter-propagating plasmonic current densit ies propagating with k spp · 

By combining (2.36) and (2.35), an expression for J 1I can be found: 

(k2 k2)J _ ( ) spp - 0 Einc (2.37)1- (]" w k2 _ k2 11 · 
spp II 

By considering the role of the wire end caps as a hard boundary and the vanishing 

t otal current density, an expression for J±p is obtained as: 

sin((kspp ± k 1)h) 
(2.38)h p= -J11 . (2k h) ' 

Sln spp 

where h = ½and l stands for t he length of wire given by (2.26). Finally, by 

combining (2.38) and (2.37) , the plasmonic current density can be obtained as a 

function of the incident field E ~nc . As before, t his can only be numerically done. 
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2.5 Plasmonic Nano-antenna Model: 

Performance in Transmission 

By leveraging the analysis in reception, we now extend the study to the nano

antenna in transmission and, in particular, we focus on the first resonance frequency, 

i.e., n=l in (2.26). We follow the standard vector potential approach to compute 

the radiated fields, with the peculiarity of having a plasmonic excitation current . 

For this, we consider the nano-antenna to be excited by a sinusoidal plasmonic 

current distribution Jz given by 

Jz (x) = Jo sin ( kspp (~ - z)) o(x) o(y) 
(2.39) 

= Jo sin (n7r - ksppZ) o(x) o (y), 
2 

where x = {x, y, z} and kspp is the excitation SPP wave propagation constant. 

The vector potential A is then defined as 

µ ejko lx-x'IJ 
Az (x) = ___Q_ J(x') I 

X 1I d3 x', (2.40) 
471" X -

where the integral is done over the volume of the nano-antenna . If we focus in the 

far field, lx l » lx' I, Ix - x' I ~ r - n.x' and r = lx l (n is the unit vector in the x 

direction) , we can approximate the vector potential as 

jkor Jlim Az(x)=µo _e _ J(x') e-jkonx'd3x' . (2.41) 
k0 r--+oo 471" r 

By substituting (2.39) in (2.41), again considering only the first resonance and 

recalling Euler 's formula eJksvvz' + e-jk,vvz' = 2 cos (kspp) z', the vector potential 
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can be rewritten as 

lim A z (x) = 
k0 r➔ oo 

(2.42) 

where k11 = k0 cos 0 , as defined in Sec. 2.3. By solving the vector potential integral 

(2.42) on the wire from - t to t for the first resonance , the magnetic field 2 sp p 2 s pp 

H and the electric field E are obtained as: 

1 
Hq, (x) = - V x A(x) 

µo 

. 2 .k ( k 1 I 7r ) (2.43) 
Jo eJkor . J spp COS kspp 2 

~ ---ko sm0 ,k2 k247r r spp - II 

and 

j /¥ooE0 (x) = -k - V x H (x) 
0 co 

(2.44) . 2 ·k ( k 11 7r )Jo eJkor . J spp COS k spp 2 
~ ---kosm0 . 

47r r k s 
2 
pp - kll 2 

Next , the radiation intensity can be calculated as 

r2 
U r ad (0 , </>) = 2 ~[E X H*] 

(2.45) 
- _Q_QJ.2 k2 . 2 0 ( k spp cos (;ii-~) ) 

2 

spp 
- 2 sm 2 2

87r k spp - kll 
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and now the total radiated power is found by integrating Urad over the entire 

space: 

r2 r 
Prad = lo 7r lo Urad(0,cp)sin0d0dcp 

2 (2.46) 
12k21+1r (ksppcos (~~))- _Q_Q · 3 0 •vv d0- Sln ,

2 247r o kspp - kll 

which can be numerically solved. 

Another metric of interest is the radiation efficiency er, which is defined as the 

fraction of the power delivered to the radiation resistance Rr, [16, 32]: 

(2.47) 

where the high-frequency resistance RL is used to represent the conduction

dielectric losses associated with the antenna structure based on a uniform current 

distribution and is computed using (2 .2) as: 

R£= - l~µo-- (2.48) 
Pa 20"(w)' 

where l is length of antenna and Pa = 27ra is the perimeter of the cross section of 

the antenna for a circular wire of radius a. The radiation resistance Hr in (2.47) 

represents the transfer of energy to the free-space wave from the antenna, and is 

obtained as: 

_ 2Prad
R r - 2 

Io 
2 (2.49) _2_!¥oo1 +1r 2 . 3 ( kspp cos ( k:~v ~)) 

- k0 sm 0 k2 d0.k227r co o spp - 11 

Note that when lim kz~p ➔ 1 at 0 = ~ or confinement factor tends to decrease, 
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Figure 2.7: Radiation resistance of plasmonic nano-antenna as a function of k~:v . 

we approach the traditional radiation resistance of >. /2 dipole, i .e., 73 0 (Fig. 2.7). 

Both the radiated power (5 .24) and the radiation efficiency (2 .47) depend on 

kspp · For the special case of a classical antenna (kspp = ko) (2.45) is reduced to: 

2J5 ff;o ( cos(~ cos0) ) 
Urad (0, cp ) = 

8 2 . 0 , (2.50) 
1r co sm 

which is the known result for ideal PEC antennas and, similarly, (2 .34) is simplified 

as well. In the next section, we numerically investigate the radiation efficiency of 

optical nano-antennas . 

2.6 Numerical Results 

In this section, we validate the developed models by means of electromagnetic 

simulations with COMSOL Multi-physics (Finite Different Frequency Domain 
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FDFD simulations) and we utilize the models to numerically investigate the 

performance of nano-antennas in reception and in transmission. As a reference, 

2.6.1 Antenna Performance in Reception 

We numerically solve the plasmonic current density J±p given by (2.38) , which 

depends on its turn on the SPP wave propagation constant kspp, resonant length l 

and material conductivity CJ" parameters given by (2.15) , (2 .26) and (2.2) , respec

tively. In addition, we utilize COMSOL Multi-physics to validate our results by 

means of FDFD simulations, in which the only required initial paramet er is the 

material conductivity CJ" . 

In Figure 2.8, the plasmonic current density is shown as a function of the 

illumination frequency f for three different nano-antenna lengths l , namely, 500 nm, 

302 nm and 150 nm. For these results, gold-based nano-antennas with 5 nm radius 

are considered . Clear resonances can be observed at 91 THz, 140 THz and 270 THz, 

respectively. The z-component of the current density and its maximum is taken 

from analytically produced dat a and FDFD simulations for different length and 

frequencies are performed for validation purposes. There is good agreement between 

the numerical and the simulation results . As expected, the high confinement factor 

of SPP waves in actual met als results into significantly smaller nano-antennas 

when compared to ideal PEC antennas at the same frequency. 

2.6.2 Antenna Performance in Transmission 

In Fig. 2.9, the radiated fields , given by (2 .44) , are shown for different metals as 

functions of frequency. As expected from the reciprocity principle, the resonances 

occur at the same frequencies as for the nano-antenna in reception. The analytical 

and simulation models are with good agreement . 

In Fig. 2.10 , we illustrate the radiation efficiency er given by (2 .47) as funct ion 
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Figure 2.8: Plasmonic current on a gold-based nano-antenna as a function of 
frequency and length (radius a= 5 nm) . 

of frequency and for different materials. As can be seen, er decreases by increasing 

the frequency for a ll four metals. This is because for fixed geometry of nano

antenna, by increasing the frequency, the confinement factor increases, and this 

limits the radiation efficiency. Among different metals, aluminum has higher 

efficiency at each frequency, since it has higher absolute permittivity and higher 

conductivity, resulting into lower confinement factor and lower RL. 

One last magnitude that is relevant to the nano-antenna performance in 

transmission and for communication is the 3-dB bandwidth. This can be easily 

obtained from the S11 parameter or return loss. Fig. 2.11 shows the antenna 

behavior for 137 nm nano-antenna and implies that the nano-antenna radiates best 

at different frequency (as its shown in Fig. 2.6 with resonance length) with different 

bandwidth . The figure suggests that bandwidth is roughly highest for a luminum 

and around 22 THz with better S11 . The analysis made by COMSOL simulations 
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Figure 2.9: Radiated field by a gold-based nano-antenna as a function of frequency 
and length (radius a = 5 nm. 
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Figure 2.10: Efficiency of different metal. 
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Figure 2.11: S-parameters of 137 nm nano-antenna for different metals. 

and allowed us to verify the properties of the antennas with the previous analytical 

results . 

2.7 Conclusions 

In this chapter, we have developed a unified mathematical framework to analyze the 

performance of plasmonic nano-antennas in reception and transmission. Start ing 

from the dynamic complex conductivity of the nano-antenna building components, 

we have formulat ed the dispersion equation for SPP waves in nano-wires and 

obtained the SPP wave propagation properties and nano-antenna fundamental 

resonance length by t aking into account also the impact of the nanowire caps. 

We have then analytically derived an expression for the plasmonic current in the 

nano-antenna when irradiated by an incident EM wave. In addition, we have 

derived the radiated fields in transmission as well as the overall radiation efficiency. 
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The analytical models have been then validated by means of FDFD simulations 

with COMSOL Multi-physics. The agreement between analytical and FDFD data 

a llows us to verify aspects of the model such as far-field as well as near-field 

properties of the antennas, resonances, reception and emission patterns. We have 

analytically and numerically shown that the SPP wave confinement factor plays a 

key role in the nano-antenna efficiency and bandwidth. 
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CHAPTER 3 

Plasmonic Nano-detector Design for 

Nanoscale Communication 

3.1 Motivation 

The ability of plasmonic structures to squeeze light below the diffraction limit has 

been harnessed to fabricate efficient nanoscale plasmonic circuits and paving the 

way for on-chip integration of optics and electronics [15, 79, 83] which shows a sig

nificant potential for the realization of nanometer-sized integrated optoelectronics 

circuitry [82, 83]. Vast range of these ultra-compact devices have been designed 

to generate [73, 105], guide [30, 77, 104] and detect [98, 119] light below the 

optical diffraction limit . Nano-antenna as plasmonic optical devices that mediate 

between free-space radiation and localized energy with outstanding properties, 

have a significant impact on a variety of fields , including photo emission and photo 

detection and eventually optical wireless nano link such that it provides simpler 

network architectures for nanoscale optical chips; although this issue has not been 

sufficiently investigated in the nano photonics domain. 

It has been demonstrated that the photo generation of carriers in detectors 
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can be enhanced by a plasmonic nano antenna [119] . High detectivity devices with 

different structure configurations operating in the different regions of infrared [26], 

ultraviolet [64],and visible [24] were fabricated using nano crystals with proper band

gap [100] . An optical photodetector is a device that directly converts propagating 

electromagnetic waves (EM) at optical frequencies to direct current [7, 111 , 119], 

therefore it have been utilized to concentrate light into a sub wavelength volume [11, 

39] [15, 98, 119]. Since they convert light into electricity, photodetectors have a 

critical position in optoelectronic integrated circuits [10, 48, 59, 112-114] . Detection 

of light in the near infrared region (NIR) is important due to many applications , 

such as medical diagnostics and cognitive neuroscience. 

However , researchers haven't been sufficiently focused on the interaction of near 

fields with semiconductors and the further transformation of the optical energy 

into electricity. An ideal photodetectors should holds following features: large 

bandwidth, high responsivity or sensitivity with high detection speed, high quantum 

efficiency, low dark currents , and low applied voltage-bias requirements [48] . 

However , for easy integration and high-speed , low-capacitance operation, it is 

better to design planar detectors such as metal-semiconductor-metal (MSM) form 

or sandwich-like that are widely used in high-speed optical receivers [35, 119]. A 

vertical sandwich-like geometry is proposed in this paper. A structure of resonant 

bowtie nano-antenna combined with a nano-meter size frequency dependent tunable 

low band-gap semiconductor load is optimized to achieve the best conversion from 

light to electricity. Upon irradiation with visible and infrared light , we measure 

DC current. This structure potentially improves its efficiency due to the field 

enhancement at the gap [110]. The near E-field intensity in these structures can 

be few orders of magnitude higher than the incident intensity. 
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3.2 Working Principle of Optical Nano-antenna

detectors 

St imulated emission or absorpt ion which is typically produced by a propagating 

E M wave, occurs when a transit ion takes place between two quant um states 

in the presence of an oscillating electric field. For a semiconductor the process 

of stimulated absorpt ion is applied to create stimulat ed emission generation , 

which occurs when an energetic electron undergoes a collision in which it loses 

sufficient energy to promote an electron in the valence band to t he conduction 

band, resulting in an additional electron hole pair being produced. The photo 

generation distribut ion in t he absorpt ion material is proport ional t o t he electric

field intensity in the nano cavity; t herefore, under illumination, photocurrent is 

generated. When two nanostructure are close enough for strong coupling to take 

place between them, EM fields of several times that of the incident light arise in 

their gap such that its resonance depends on refractive index variations of the 

gap. Here, a bowtie antenna topology is considered for achieving a higher int rinsic 

bandwidth and strong coupling between two bowtie arms. For opt imization in 

designing the bowtie antenna and having resonance in desired frequency, requires 

us to determine the arm length, flare angle, gap size a ll together to maximize the 

amount of signal t hat we can get in the antenna in transmission and reciprocally 

out of the antenna in reception , first the structure of antenna should be designed 

and characterized wit hout considering the load [11 , 110]. 

Resonant antenna is used to concent rate the IR and visible energy into active 

a rea at opt imal resonant frequency where it assumes its maximum quant um 

efficiency of det ector occurs . Because of miniaturization of met allic antenna and 

t he properties of real metals at IR and visible frequencies which are no longer 

behave as perfect electric conductor (PEC), by using met als such as gold , a 

frequency dependent complex magnitude of conductivity will be obtained along 
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with an excitation of confined EM wave called Surface Plasmons Polariton (SPP) 

wave at close proximity of antenna surface. Since the bowtie geometry determines 

the resonance of the antenna, we studied several configurations using a finite

difference-frequency-domain (FDFD) to numerically solve Maxwells equations and 

optimize through trial-and-error simulation. The strength of the coupling can 

be tuned by the distance between the two antenna arms, as can be observed in 

Fig.3 .1 where we plot the spectrum of the antenna versus different gap sizes. At 

large gap sizes, only a small fraction of the energy is transferred to the gap via 

via coupling. The integrated II Ell reaches a maximum value at 565nm or 535T H z 

for a gap size around 60nm. Shorter gap sizes in Fig. 3.4, leads to more energy 

transfer to the gap. The dependence on wavelength of the integrated II EII values, 

for a fixed gap size of 80nm, is shown in Fig. 3.3 Indeed, the maximum of energy 

transfer efficiency to the long rod occurs at ...nm wavelength. 

The bowtie antenna oriented along the x and y direction and two contact on top 

and down to extract photocurrent. As illustrated in Fig. 3.1 in our configurations 

the two pair of metal arms with length of h = 160nm, width of w = 122nm, 

thickness of L = 20nm and flare angle of 0 = 34 along with the gap of 80nm 

between the two metal arms which must be selected so as to maximize the resulting 

field enhancement in reception (Fig. 3.1) . The corresponding field enhancements 

both in reception and transmission is computed as shown in Fig. 3.1. This result 

confirms that the field enhancement suffices to boost the intensity of fields. 

There are some challenges which should be deal with during the design. One 

of them is the speed of the photodiode which depends on the transit time of photo 

generated carriers to the electrodes or contacts and the depletion-layer capacitance 

of the active region; therefore the smaller active region, the faster photodiode can 

be made. However smaller active region leads to lower responsivity because of 

the diffraction limit. The trade-off between speed and responsivity can be met 

if we concentrate the incident light into the sub wavelength volume of the active 
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Figure 3.1: The gold metal arms are all 122nm wide, 20nm thick and 160nm long. 
The gap between the two metal arms is ...nm filled with In1_xGaxAsyA-y- The 
substrate is InP. Light is polarized parallel to the antenna arms. 
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region. The other challenge is the high dielectric constant of the substrate which 

has a significant effect on the response of the photodetector. To avoid weakening 

the antenna resonant strength because of a high permittivity of substrate, our 

structure should be made on a thick layer of InP with a dielectric constant of 

cJnp = 9.61 and thickness of 90nm. 

The structure is resonant at a wavelength of 535THz or 560nm with the highest 

electric E-field in the gap region. But with introducing active region and filling 

the gap region, the resonance peak of structure shifts to wavelength of 515nm. 

Thus we redesign our antenna to have its resonant frequency at 530 - 540 THz 

with changing the flare angle from 0 = 41 to 0 = 34. Subsequent refractive index 

variations in the gap with active region, result in displacements of resonance peaks 

compared to non-coupled metal nanostructure. The high E-field at the two ends 

of the bowtie arms of antenna indicates a large effective area for capturing the 

incident light ; however dielectric constant of active region induces strong coupling 

between the two metal arms in the gap; because the E-field energy density is 

proportional to sllEll 2 
. The permittivity of Phosphid-based cells such as Indium 

Gallium Arsenide Phosphorous alloy (InGaAsP) at high frequencies like more than 

315TH z or l.3ev has a decreasing trend; thus this induces higher electric field 

intensity and propagate much easily at the gap. 

InGaAsP or the active region of detector lies in the gap region between the two 

bowtie arms with volume of 80nm x 24nm x 20nm. This alloy is used as a variable 

band gap III-V semiconductor with excellent optoelectronics properties [3, 48] . 

The band gap of InGaAsP can be t uned for wavelengths between 0.35 - 2eV which 

is suitable for photo conducting applications in the IR and NIR region and it is 

implemented in various applications that operate in the visible spectral region 

400 - 800nm [3, 48, 110, 119]. If the light was polarized parallel to the antenna 

arms in y direction (Fig: 3.1) concentrating the E-field in the InGaAsP in the 

gap region, thus strong near E-field caused by SPP, generates carriers within this 
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active region area which will be depleted and integrated by the lateral metal ohmic 

contacts or DC bias . 

3.2.1 Photocurrent Response 

The curve of photocurrents shows how the plasmonic detector works. The pho

t ocurrent is measured under the illumination of light source at a wavelength of 

560nm to concentrate radiation into a nanometre-scale InGaAsP photodet ector. 

Photocurrent was collected via biasing with two contact s at the up and down at 

the gap between two arms (Fig. 3.1) . A volume integration of the E-field intensity 

is performed in the In1- xGaxAsyPi-y active region to calculat e photocurrent 

enhancement . If generation of carriers is independent of time and scattering loss 

coefficient is zero, the generated photocurrent can be written as [34, 140]: 

(3.1) 

where 

• ~~ conversion factor from optical power to photocurrent; 

• P i n c input opt ical power ; 

• R reflectance at the facet ; 

• 77 internal quantum efficiency or the number of e - h pairs created , divided 

by by the number of phot ons which is close to unity in pure materials; 

• a absorption coefficient [c~ ]; 

• L distance between two metal contact s or electrodes or in this case t[cm ]; 

• r c for general case we have to include gain 

The above quantities are calculated by analytical method to help us predict s the 

peak positions and spectral shape of optical resonances both. 
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3.2.2 Absorption Coefficient 

The frequency dependent absorption of In1_xGaxAsyPi- y coefficient as a very 

important material parameter for the design of photodetectors can be given by [22] : 

(3 .2) 

1 
q2m 2 2 p2

with C = ~ • f cv = .:'..'.....C..E is oscillator strength with value is approximately ~261rn c oc mo 

equal to 20eV in most semiconductors (Pcv is the momentum matrix) . If liw and 

are expressed in ev:E 9 

(3 .3) 

. . . 
• mr* = memh is the reduced mass such that me = 0.08 - 0.039y is the 

m;+m~ mo 

electron effective mass as a function of the y-x-composition and m~ = 0.46 
mo 

is hole effective mass which is much heavier than electron effective mass 

and can be ignored in reduced mass and m 0 is the electron at rest mass . It 

should be mentioned that our structure is lattice matched on InP ; 

• is the band gap as function of y composition:E 9 

= 1.35 - 0.775y + 0.149y2 (3 .4)E 9 

• nr (w) = c:(w) ½is refractive index; Since the imaginary part of the dielectric 

constant is taken as zero in the region near lowest direct band gap , the real 

part of the frequency-dependent refractive index is given as [4 , 22] : 

(3 .5) 
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where the dielectric constant can then be specified in terms of y alone. 

A(y) = 8.40 - 3.40y; B(y) = 6.60 + 3.40y (3 .6) 

1with f(x) = x- 2 [2 - (1 + x)½ - (1 - x) ½], X = }/ and Xo = E n+wL'> where 
g g 

~ = 0.11 + 0.24y is spin orbit splitting 

Depending on different composition of alloy and increasing the energy of il

luminated EM wave, Fig:3.2 shows an illustration of material dependance of 

In1_ xGaxAsyPi- y- The change of composition affects the band gap, permittivity 

(Fig:3.2(a)) and subsequently affects optical absorption (Fig:3.2(b)) of semiconduc

tor alloy. Measured responsivity for light polarization in they direction to 500uW 

input power is illustrated in Fig:3.2(c) . 

3.2.3 Gain 

The value of r c depends on biasing voltage, recombination and reinjection of 

carriers inside the active region. rc < 1 if carriers recombine before sweeping out 

and r c > 1 if reinjection occur. 

(3 .7) 

2 

where V = Lt • is biasing voltage , L is electrode spacing, t fr and t~r are transit 
µe t r 

times of electrons and holes and T is recombination lifetime which is lOOns in our 

case [85]. 

• if V is small, recombination dominates, therefore the average t fr and t~r are 

larger than T. Since µh « µ e, therefore r c = t; < 1 
tr 

• if V get larger , electrons travel faster than holes and t; > 1, if- < 1, 
t r t r 

therefore r c = t: > 1 
t r 
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• if V get very larger , electrons travel faster than holes and t: > 1, t~ > 1. 
tr tr 

In this case, sweep out and reinjection of both types of carriers lead to 

space-charge limited current , therefore rc reduced. 

According to (3 .7) the photoconductive gain depends on the ratio of carrier life 

time to their transition time. In our case, since the distance of two metal contacts 

is very small for any biasing and any thickness of 20nm < L < 80nm, we have 

t: » 1, t~ » 1 ( t~r and tlr are both in order of f s but T is in order of ns) which 
tr tr 

leads to space-charge limited current as a result of collection of additional carriers 

generated by light , the fields in that region are not enhanced by the antenna and 

the average photocurrent enhancement decrease at higher bias voltages, therefore 

it doesn 't matter to choose a big voltage and we have chosen a 2V biasing. 

The spectral response for different thickness are measured for our device at a 

bias voltage of 2V and plotted in Fig:3.4(b) . Higher spectral response intensity was 

obtained from the device with 80nm electrode spacing compared with the 20nm 

spacing device. The decrease in the electrode spacing shorten the transit time 

of the carriers specially electrons tlr • Consequently, the average carrier transit 

time affects the value of the photoconductive gain r c as indicated by the previous 

equation. As can be seen, the reduction in the electrode spacing is accompanied 

with an increase in the spectral response intensity . The results obtained from the 

spectral response and the I-V curves show an increase in the photocurrent as the 

electrode spacing decreases. 

3.2.4 Detectivity 

The photocurrent was measured to be several orders of magnitudes higher than 

the dark current . The room temperature detectivity is extracted from the dark 
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current and photocurrent [100] . 

(3.8) 

where Iph is the photocurrent , A is the device effective area, P inc is the incident 

optical power, and Iv is the dark current obtained from The proposed detector 

actually is two ohmic diodes connected back-to-back. The total dark current is 

composed of both electron current and hole currents as follows: 

(3 .9) 

where ni = ✓NcNve- 21:fT is intrinsic electron density with Ne and Nv as density 

of states in conductance and valence band respectively. This parameter helps in 

comparing detectors with different geometries and different carrier concentrations, 

in terms of the sensitivity of the photoconductive material or detectivity being used. 

For having 20nm electrode spacing, in which it was found to be 2V applied bias 

voltage. Table:3 .1 shows all parameters for the semiconductor In1_xGaxAsyA-y 

used in simulations. 

Table:3.2 shows all parameters for the semiconductor In1- xGaxAsy Pi-y used 

in simulations. 

Array structures can induce collective plasmons that can improve this sensit ivity 

further still. Our nanoantenna designs vary depending on the bandwidth and 

fabrication constraints for a particular application. Our design has a relatively wide 

bandwidth, and hence is potentially suitable for wavelength-division-multiplexing 

telecommunication applications. 
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Table 3.1: Paramet ers for the semiconductor In1-xGax A sy A -y used in simula
tions with x = 0.93 and y = 0.63 

Parameters Values Descript ion 

T 300 [K] Temperature 
Eg 1.8786 [ev] Band gap 

1Ne 7.1133 x 1018 [ Density of stat es cm3] 

in conductance band 
Nv 9.9115 X 1017 [ 1 Density of stat es cm3l 

in valence band 
N v 20 X 1019 [ 1 Acceptorcm3l 

concentration 
1NA 20 X 1019 [- - ] Donorem3 

concentration 
4 2 lµ e 1. 064 7 X 10 [er Electron mobility 

2 s 

µ h 260.45[ e{:;' ] Hole mobility 
8 

mo 9.1 x 10-31[Kg] Electron mass at rest 
n i 4.4 X 1011 [ 

1 Intrinsic carrier cm3 l 
concentration 

LLp Length of diffusion ILN Length of diffusion 

Table 3.2: Results of detectivity based on bias voltage 

Voltage[V] D * [ema,z.l 
2 ] 

@ 580nm for A= 24 x 80nm2 

3 X 10-25 104-1 4 X 

-1 3 X 10- 25 4 X 104 

3 X 10-25 1070 4 X 
23 4 X 10101 3 X 10-
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3.3 Conclusions and Outlook 

In conclusion, we have experimentally demonstrated a In1- xGaxAsyPi- y photode

tector with an active volume on the order of 80nm x 24nm x 20nm, using a bowtie 

antenna. A volume integration of E-field intensity of the y-polarized light was cal

culated was performed in the active region to estimate photocurrent enhancement 

and a maximum E-field and current efficiency at wavelengths of 560- 590nm using 

FDFD calculat ions were performed for the near-field distribution of the detector 

at a wavelength of 560nm. The photodetector has a relatively wide bandwidth , 

and hence is potentially suitable for wavelength-division-multiplexing telecom

munication applications. We have a lso shown an enhancement in the relative 

photocurrent in the detector due to the antenna resonance , providing an efficient 

way to improve the sensitivity of sub wavelength semiconductor photodetectors . 

With a junction area of 24nm x 80nm, the detector capacitance is estimated to be 

as small as 0.006fF and the cutoff frequency was estimated to be over 8.5TH z , 

which illustrates a high-speed operation. 
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CHAPTER 4 

On-chip Wireless Optical Channel 

Modeling 

Wireless Networks on Chip (WNoC) consist of multiple independent cores intercon

nected by a smart combination of wired and wireless links. Wired interconnections 

have progressively moved from electrical tracks to nanophotonic waveguides in or

der to meet the demand for faster links. However, wireless links still largely rely on 

radio-frequency, millimeter-wave and, more recently, Terahertz-band communica

tion, which offer a significantly lower bandwidth than their wired counterparts. To 

overcome this limitation, in light of the state of the art in optical nano-antennas, 

the use of wireless optical communication on-chip is proposed in this chapter. 

Wireless optical links across cores can meet the demand for much higher data 

rates among cores, provide seamless wired and wireless transitions , and support 

multicast and broadcast transmissions among cores enabled by omnidirectional 

nano-antennas . To analyze the feasibility of this paradigm , in this chapter , a 

multi-path channel model for on-chip light propagation is developed. More specifi

cally, first , the channel frequency response in the case of line-of-sight propagation 
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is obtained , by capturing the impact of spreading and absorption of light in 

silicon-based semiconductor materials . Then , the non-line-of-sight paths creat ed 

by reflection at the material layer interfaces and diffraction at the core edges 

a re modeled. A multi-path channel model is formulated afterward , validat ed by 

means of electromagnetic simulations with COMSOL Multi-physics and utilized 

to analyze the main properties of on-chip wireless optical communication. Finally, 

using t he propagation models, t he analysis on the opt ical channel characteristics 

a re will be conduct ed in time domain. In particular , the distance-varying and 

time-frequency-selective nature of the Optical channel is analyzed. Moreover , the 

capacity and the the delay spread are studied . The provided analysis lays out the 

foundation for reliable and efficient ultra-high-speed wireless communications in 

the (50-300THz) Band. 

4.1 Motivation 

Multicore architectures have become the dominant t rend for both convent ional and 

high-performance computing. These architectures consist of the interconnection of 

several independent processors or cores, including central processing units, graphic 

processing units and memory units . Control signaling and da ta sharing among 

cores requires reliable and energy efficient communication mechanisms among 

cores . As the number of cores within these processing systems increases, their 

communication needs rise dramatically and can become a major bottleneck for 

t he overall syst em performance. 

Similarly to the evolution of computer networks, shared bus architectures among 

cores have been progressively replaced by on-chip wires, switches and routers [40]. 

The resulting networks-on-chip or NoCs are designed by following similar principles 

and methods as those followed in traditional computer networks , but with different 

underlying communication technologies, networking architectures and system-wide 
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objectives [18 , 25] . However, NoCs enabled by traditional electrical interconnects 

present fundamental limitations that point toward a reduced scalability beyond 

several tens of cores. 

As a consequence of such limited scalability, considerable research efforts have 

been directed toward extending the original concept of N oC to other intercon

nect technologies. Diverse examples can be found in the literature, including 

the employment of vertical vias within stacked architectures [50, 122], on-chip 

transmission lines for the transmission of modulated RF signals [115], or, more 

recently, nanophotonic interconnects enabling wired optical on-chip communica

tion [17, 86] . Indeed, optical on-chip communication has been proposed mainly 

due to its outstanding bandwidth and energy consumption capabilities with CMOS 

compatibility and reduced area footprint. However, the feasibility of an "all-wired" 

architecture decays quickly as the number of cores increases due to the challenges 

in creating point-to-point communication between elements or the limitations of 

wired architectures to support multi-cast and broadcast transmissions, among 

others . 

To overcome such limitation, Wireless NoCs (WNoCs) with native broadcast 

and multicast capabilit ies thanks to integrated antennas have been proposed [84] . 

For the time being, different wireless communication technologies have been consid

ered, including Impulse-Radio Ultra-Wide-Band (3.1-10.6 GHz) [141], Millimeter 

Waves (30-300 GHz) [1] , and, more recently, Terahertz-band (0 .1-10 THz) commu

nication enabled by novel graphene plasmonic structures [2]. By increasing the 

communication frequency, the benefits are twofold. First, the higher the frequency, 

the smaller the footprint of the transceiver and antenna, and, thus, the easier 

the integration in the system. Second, the higher the frequency, the larger the 

available transmission bandwidth and, thus, the higher the achievable data rates . 

Motivated by these observations, and thinking of further miniaturizing existing 

integrated antennas and increasing the interconnect throughput, one question 
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arises: could we create wireless optical links on-chip? 

For many years , the challenges in fabricating precise structures smaller or at 

least comparable to the optical wavelengths limited the possibility of develop

ing antennas "for light". However , within the last decade, the field of optical 

nano-antennas has experienced a major revolution [20 , 43 , 44, 94-96]. Optical 

nano-antennas allow us to control the radiation of light in a similar fashion as 

tradit ional antennas for lower frequencies have done. Therefore, concepts such as 

wirelessly multicasting and broadcasting information at optical frequencies becomes 

a possibility. In addition , the available bandwidth at optical frequencies and the 

possibility to perform multiplexing ensure very high individual data-rates as well 

as aggregat ed network capacities. Moreover , compared to other high-throughput 

wireless technologies, such as graphene-enabled THz communication [69], the 

field of integrated photonics is much more mature. For example, micro and 

nano cavity lasers [51-53], det ectors, power harvesting nano-devices[90-93 , 139], 

nanosensors [62 , 123-132, 135] and modulators [63] have been experimentally 

demonstrated. Ultimately, the use of "all optics" would allow us to seamlessly inte

grate optical wired and wireless links on chip . By solving challenges in fabricating 

precise structures smaller or at least comparable to the optical wavelengths [94], 

concepts such as wirelessly multicasting and broadcasting information at optical 

frequencies becomes a possibility. 

Motivated by these results, we think of wireless optical communication as a new 

technology for WNoCs. Still, there are many research challenges to address, which 

range from the integration of nanophotonic sources, modulators, antennas and 

detectors on chip , to the development of practical communication and networking 

solutions for on-chip networks tailored to light communication. Among others, 

in order to analyze the feasibility of this approach , it is necessary to understand 

the propagation properties of on-chip wireless optical signals. Existing channel 

models cannot directly be utilized in this new paradigm. On the one hand, channel 
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models for lower frequency bands do not capture the propagation phenomena 

affecting optical signals, including absorption, reflection and diffraction. Similarly, 

the existing channel models for free-space wireless optical systems do not capture 

the impact of materia l transitions in chip or diffraction at the core edges. 

In this chapter , we develop a multi-path channel model for on-chip light 

propagation. More specifically, first , we develop a mathematical framework to 

model the multi-path propagation of wireless optical signals on chip. On the one 

hand, the channel frequency response in the case of line-of-sight (LoS) propagation 

is obtained by analyzing the impact of spreading and absorption of light in silicon

based semiconductor materials . On the other hand, the non-line-of-sight (NLoS) 

paths created by reflection at the materia l layer interfaces and diffraction at the 

core edges are modeled. The geometrical calculation determine the contributing 

rays at the receiver , based on the specific chip geometry, shape and position of 

the potentially obstructing cores. Once the rays are computed , the total signal 

at the receiver obtained by taking into account the dynamic refraction, reflection 

and diffraction coefficients of the specific components in the scenario. Both 

frequency and time domain analysis conducted in order to determine the total 

a ttenuation or pa th-loss, bandwidth and ultimately, the channel capacity. The 

developed analytical model is validated by means of simulations with COMSOL 

Multi-physics [89]. The validat ed model is then utilized to analyze the main 

properties of on-chip wireless optical communication. 

This chapter is organized as follows. In Sec. 4.2 , works are explained. In 

Sec. 4.3 , the multi-pa th channel model is analytically derived , by taking both 

into account LoS and NLoS propagation. In Section 4.4 , we explain the mult i

path model from time domain point of view. The model is validated by means 

of simula tions in Sec. 4.5 , and numerical results are provided to illustrate the 

behavior of the on-chip wireless optical channel. Finally, the chapter is concluded 

in Sec . 4.6. 
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4.2 Related Works 

Existing channel models cannot directly be utilized in wireless optical communica

tion on chip due to several reasons. Channel models for lower frequency bands 

do not capture the propagation phenomena affecting optical signals, including 

reflection, refraction and diffraction. Each frequency component in the transmitted 

signal experiences different attenuation and delay. This frequency-dispersion effect , 

or its equivalent in the time domain, are not captured in existing multi-path 

channel models. The few existing channel models like [68] which was the first 

analytical channel model for the THz band (0 .1-10 THz) , aimed at characterizing 

the communication between devices that are several meters far. The few multi

path channel models existing to date are mainly focused up to 1 THz like [58] 

which incorporated the impact of reflections , diffused scattering and diffraction, 

and utilized ray tracing techniques. In [57], the first intra-body channel model 

for in-vivo communication at optical frequencies between nano-biosensors was 

presented. Therefore, a complete model for the entire Optical Band does not exist. 

Also, thinking of the short transmission range of nano-machines, there is a need 

to understand and model the entire Optical Band for distances below 200 µm. 

We need a static model, to compute deterministic multi-path models. Similarly, 

the existing channel models for free-space wireless optical systems do not capture 

the impact of material transitions in chip. While silicon dioxide Si02 is pretty 

much transparent at optical frequencies, the transition between silicon Si, Si02 

and air introduces reflections. In addition, diffraction might occur at the edges , 

boundaries or wedges of the cores and optical switches. 

In the following sections, we start from frequency analysis and first focus on line

of-sight propagation and the concept of absorption in silicon based semiconductor 

is reviewed to compute the path loss that a signal suffers when traveling distances 

is in the order of several tens of micrometers at most. This model can be used 
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for different configurations by determining the composition of the oxygen in 

SiOx . Then we focus on free space direct ray or alternatively spreading loss . 

Afterward, we utilize ray-tracing technique for non-line-of-sight propagation and 

develop analytical models to understand the propagation of optical signals between 

the transmitting and the receiving elements with the existing of reflection and 

diffraction phenomena . Finally, we discuss the multi-path propagation as a 

combination of all above propagation gains in frequency domain in our model. 

Then our analysis continues in time domain in the next subsection. Fig.4.1 

illustrates our scenario. This model will be validated by COMSOL simulation and 

will be utilized to guide the design of WNoCs . 

4.3 Multi-path Channel Model-Frequency Do

main 

To enable practical wireless optical communication in WNoCs, we need to un

derstand and characterize the main phenomena affecting the propagation of such 

signals. In Fig. 4.1 , we illustrate a side view of a silicon chip , with the standard 

layer thickness and material properties . In this section, we develop a multi-path 

channel model in frequency domain by taking into account both line-of-sight and 

non-line-of-sight rays on-chip. 

4.3.1 Line-of-sight Propagation 

The two main phenomena affecting the line of sight propagation of wireless optical 

signals are the spreading loss and the absorption loss. More specifically, the channel 

frequency response HLoS is given by: 

Hws(f, d) = Hspread(f, d)Habs(f , d) ( 4.1) 
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3µm 

Core / 
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Figure 4.1: Side view of the propagation medium, i.e ., a standard CMOS chip. 

where f refers to frequency, d stands for distance, and Hspr and Habs are the 

spreading loss and the absorption loss, respectively. 

Habs(f, d) = exp (-~K(f)d) (4.2) 

Absorption in SiOx 

When EM radiation interacts with a semiconductor (SiOx in our case), the optical 

properties of the material are revealed. The optical properties utilized to describe 

semiconductors are the absorption index, the refractive index and the band-gap. 

The absorption coefficient measures the distance photons travel within a material 

before being absorbed, and depends on the radiation frequency or, equivalent ly, 

the photon energy E =hf, where h is the Planck's constant. In our application 

scenario, the optical absorption coefficient K of SiOx is given by [37, 120]: 

(4.3) 
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where a 0 = 1.5 x l06 cm- 1 , E 1 = 2.2eV and E0 = 65meV are determined by a least

squares fit of Eq.(4.3) for the data in absorption range of K < 5 x 103cm- 1 [37]. 

Outside the exponential region absorption will be: 

(4.4) 

where C = \ (eV µm)- 1 and E9 is the band-gap energy for absorption in the range6 

K > 5 x 103 cm-1; since we are working in the range of frequencies or energies less 

than band-gap energy, use the first regime which is (4.3). By increasing the oxygen 

content , the band-gap increases . This is in good agreement with the trend for 

the refractive index: SiOx with smaller refractive index is characterized by larger 

band-gap as a general feature of the semiconductor materials. Fig.4.2 shows t he 

corresponding band-gap values as a function of various SiOx compositions [120]. 

Fig.4.3(a) and 4.3(b) show opt ical absorption coefficient as a function of frequency 

(for a better understanding we substitute energy with frequency). We illustrated 

the general view for two regimes of frequency in Fig.4 .3(a) which contains both 

K 1 and K 2 absorption coefficient and Fig.4.3(b) is given for a better view in 

lower frequencies . In our desired range of frequency we used K 1 form and for the 

rest of the paper we only used K as absorption coefficient. As can be seen as 

oxygen content increases, band-gap increases and absorpt ion decreases, such that 

for a given frequency, absorption coefficient of Si is higher than SiO2 . From all 

subfigures of Fig.4.3 we can interpret that absorption in SiOx in Optical Band 

is highly frequency selective, specially when the frequency is close to band gap 

energy E9 or more than that ; meaning that if t he frequency is below E9 of SiOx, 

the absorption is significantly low, once the frequency of signal or energy of photon 

passes that value, it causes a big jump in absorption. This trend is true for all 

different SiOx compounds with different oxygen content , meaning that the higher 

t he oxygen content, the less the absorpt ion is . 
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Figure 4.2: Band-gap energy as function of oxygen content in SiOx 

Spreading 

The Optical Band channel frequency response for spreading loss H spread, which 

accounts for the attenuation due to the expansion of a wave as it propagates 

through the medium is given by: 

H spread(f, d) = ( ~ f ) exp (-j21r f/ ) (4.5) 
v41rfd nref 

where f stands for frequency of the incident wave, d stands for distance (nr~Jd 

st ands for LOS time of arrival TLO S in medium with refractive index equals to 

nref), and K is the optical absorption coefficient accounts for the attenuation that 

a propagating wave suffers while passing through channel. This loss depends on 

the signal frequency, the transmission distance and the optical properties of SiOx 
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Figure 4.3: a) Absorption coefficient wide range of frequency including both K 1 

and K 2 coefficient, b) Absorption coefficient for lower frequencies of K 1 
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and nref is frequency dependent index of refraction which varies with medium 

material [109]: 

nref = 0.9 (4.6) 

where Ed= 17.15eV is the dispersion energy and E0 11 .5eV is the average 

excitation energy and Eis excitation energy [109] . There are additional propaga

tion effects that impact the received signal, such as multi-path propagation. A 

multi-path model for the Optical Band needs to account for the impact of optical 

absorpt ion, the reflection coefficient at Optical Band frequencies and the impact 

of geometrical diffraction on edge and wedges. We do not discuss on diffused 

scattering since the whole environment is composed of solid transparent silicon 

and silicon dioxide. In Fig.4.8, we illustrate a side view of a silicon chip , with the 

standard layer thickness and material properties. 

4.3.2 Non- line-of-sight Propagation 

In addition to the LoS path, NLoS paths occur both due to the reflections at the 

interface between material layers as well as due to diffraction on the on-chip cores. 

We next formulate an analytical model for NLoS propagation on-chip. 

Reflection 

We consider first the reflection at the interface between two material layers . If 

we denote r 1 as the distance between the transmitter and the reflecting point or 

reflector , and r 2 as the distance between the reflector and the receiver, then the 

frequency-dependent transfer function of the reflected ray propagation, H ref , is 
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given by: 

Hr e f (f ,d) = 
(4.7) 

where TRef = nreJ(:i +r2
) is the time-of-arrival of the reflected ray and rfre is 

the modified reflection coefficient according to the Kirchhoff scattering theory [136] . 

Here, we focus on the Transverse Electric (TE) part of the EM wave since its 

perpendicular to the plane of incidence, but a similar analysis can be conducted 

for Transverse Magnetic (TM) modes. The modified reflection coefficient captures 

the reduction of the signal power in the specular direction and for rough surfaces 

it is given by [107] : 

rfre = prye (4.8) 

where rye is the Fresnel reflection coefficient for a smooth surface and pis the 

Rayleigh roughness factor in order to account for scattering losses: 

_fl 
P = e 2 ' (4 .9) 

2 
= (47rjO" COS 0i ) (4.10) g Sc ' 

n 

where 0i is the angle of incidence and O" is the standard deviation of the surface 

roughness. In our analysis, we consider that the interface between two material 

layer is effectively smooth, i.e., O" ~ / 0 . Finally, rye is given by: 

Zo cos 0i - Z cos 0t 
rye= ------- (4.11)

Zo cos 0i + Z cos 0t ' 
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where 0t is the angle of refraction: 

10t = sm . _ (Zoz sm0. i) , ( 4.12) 

Z0 = 377 0 is the free space wave impedance and Z is the wave impedance of the 

SiOx . This is can be obtained as [136] : 

( 4.13) 

where,,\ is wavelength of incident wave. rrE is illustrated in Fig. 4.4(a) . 

Diffraction 

The ordinary geometrical optics does not describe what happens to a ray which hits 

an edge or a vertex.The geometrical theory of diffraction which is an extension of 

geometrical optics, as part of high frequency solution, accounts for or diffraction [70 , 

7 4]. Here we utilized the diffraction coefficient for EM wave which is obliquely 

incident on an edge formed by finite conductivity plane surface which is valid in 

transition regions adjacent to shadow and reflection boundaries (Fig.4.S(d)) . There 

a re different coefficients for edge or boundary, wedge and vertex diffraction, etc. 

All the diffraction coefficients vanish as the wavelength of the field tends to zero. 

Thus the wavelength, directions of incidence and the geometrical and physical 

properties of the media at the point of diffraction, mathematically determine 

them. Alternatively, experimental measurements and numerical solutions on these 

configurations can yield the coefficients for path loss since this approach is very 

complex. 

In our scenario, diffraction appears when the radiated EM wave is obliquely 

incident on the edge of one of the cores on chip. The diffraction channel transfer 
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Figure 4.4: a) Reflection coefficient rrE (4.11) at 193 THz, b) Reflection coefficient 
vs frequency for different angles. Simulations with COMSOL Multi-physics, as 
described in Sec . 4.5, are conducted to validate the analytical models . 

function, Hdif, is given by: 

(4.14) 

where the diffraction coefficient, D , characterizes the loss that is created in 

addition to the LoS propagation attenuation, d1 is the distance between the 

transmitter and the diffracting point , d2 is the distance between the diffracting 

point and the receiver, and Tdif = n(di:d2
) is the time-of-arrival of the diffracted 
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ray. The diffraction coefficient D can be mathematically obtained by means of 

geometrical theory of diffraction, which is an extension of geometrical optics [70 , 74] . 

We focus on the case in which the radiated EM wave is obliquely incident on 

an edge of an element with finite conductivity. Given that the medium being 

considered is homogenous , the diffracted ray is still a straight line (i .e., it does not 

bend) . 

First , we consider the two-dimensional case in which t he edge is a point on a 

straight line and the incident rays lie in planes normal to the edge. Let us consider 

only one of such planes , which contains both the incident ray and the diffracted ray. 

These rays are depicted in Fig. 4.8(c) (side view) and Fig. 4.8(d) (top view) . The 

incident ray can be described in spherical coordinates as (d1 , (30 , ¢/) and, similarly, 

the coordinates of the diffracted ray are given by (d2 , 1r - (30 , cf>) . (30 refers to the 

grazing and near grazing incidence along the edge or the angle between the incident 

ray and the edge (~ in this case) . The angles between the incident and diffracted 

rays and the tangent to the surface are ¢ and ¢' , respectively. Here the wedge angle 

is (2 - 'T/ )1r . If 'T/ = ½, the wedge has interior right angle, if 'T/ = ivI ,M = 3, 4, 5, ... , 

we have interior acute angles. If 'T/ = 1, the edge vanishes for the entire plane. 

For this geometry and notation, the diffraction coefficient Dis given by [70 , 74] : 

D( cf>,c/>' ,(3o) = - exp[-j~~)] 
2n~smf3o 

· [cot (1r +(in- c/>') )F[kLa+(¢ - c/>')] 

+ cot ( 1r +(in- cf>')) F[kLa-(cp - ¢')] ( 4.15) 

± (cot ( 1r + (tn+ cf>')) F[kLa+(cp + ¢')] 

+ cot ( 1r + (fn+ ¢')) F[kLa-(cp + ¢')])], 
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where k is the wave vector and F( •) involves the the Fresnel equation: 

F(X) = 2jVX exp(jX) 1=exp(-jT2)dT, ( 4.16) 
../x 

Also we have : 

± ((3 ) 2 ( 2mrN± - ((3) )a =2cos ( 4.17) 
2 

a± ((3 ) is a measure of the angular separation between the field point and a 

shadow or diffraction boundary, in which N± are the integers which satisfy the 

following equations: 

2mrN+ - ((3 ) = 1r , 2n1rN- - ((3 ) = -1r ( 4.18) 

with 

(3 = </> ± ¢' . ( 4.19) 

It is apparent that N+, N- each have two values. Lis a distance parameter , 

which can be determined for several types of illumination. Here for spherical-wave 

incidence we have: 

( 4.20) 

The diffraction coefficient D is illustrated in Fig. 4.5(b) and (c) as a function of 

diffraction angle and frequency respectively. 
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4.3.3 Multi-path Model 

By combining the above models in (4.1) , (4.7) , and (4.14) , the mult i-ray model 

can be rearranged as: 

1 
H(f,d) exp (--= I~--!-; K(f)dws ) I241rfdLoS 

( 4.21) 

where Nref is the total number of reflected rays and N dif is t he total number of 

diffracted rays. The presence of LoS as well as the number of reflected and diffracted 

rays depend on the specific chip geometry, such as thickness and arrangement of 

layers and number and location of cores, among others . 

4.4 Time Domain 

4.4.1 Impulse Response 

The channel impulse response h(t ,d) is obtained by using the Inverse Fourier 

transform: 

( 4.22) 

This inverse Fourier Transform does not have an analytical expression and we 

will numerically compute the channel time response by COMSOL Multi-physics 

to validate this model by means of extensive time-domain simula tions. In our 
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analysis, we model these pulses as sinusoidal Gaussian-shaped : 

( 4.23) 

where a0 is a normalizing constant to adjust the pulse total energy, o is the 

standard deviation of the Gaussian pulse in seconds, and µ is the location in time 

for the center of the pulse in seconds. 

The system impulse response in receiver , which captures the transmitted signal 

and the propagation effects is given by: 

Pr(t) = Pt(t) * h(t , d) (4.24) 

The transmitting signal corresponds to five-femtosecond-long Gaussian pulse , 

whose maximum is centered at 110 fs which is illustrated in Fig: 4.6. 
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Figure 4.6: nano-device transmitting the pulse 
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4.4.2 Hilbert Transform Relationships 

Determination of a general impulse response h(t , d) from its Fourier transform 

H (f , d) requires knowledge of both the real and imaginary part of H (f , d) [42]. 

The Hilbert transform is a commonly used t echnique for relating the real and 

imaginary parts or the magnitude and phase components of a spect ral response. 

It results from an application of the Cauchy residue theorem in complex variable 

theory, and it may be expressed in both continuous and discrete forms [42, 54, 121]. 

If we define function H(f, d) in magnitude and angle form as follows: 

H(f, d) = exp[.H] ( 4.25) 

where 

fl= HRe(f , d) +iH1m(f ,d) 
( 4.26) 

= HRe(f , d) + i iJ![HRe(f , d)] 

where HRe U , d) and H1m(f , d) are real and imaginary parts of H(f , d) , such that 

exp[HRe U , d)] and H1m(f , d) accounts for the amplitude and phase component of 

H(f , d) respectively, e.i IH(f ,d) I = exp[HReU , d)] and arg[H(f, d)] = iJ![HReU , d)] . 

If h(t, d) is causal, so that h(t , d) = 0 fort < 0, then , the real part HReU , d) of 

the t ransfer function defines the imaginary part H1m(f , d) , where iJ! [•] denotes 

the Hilbert transform operation. iJ![HRe U , d)] can be explicitly found in terms of 

HReU , d) such that : 

( 4.27) 

P is called the Cauchy principal value around J= f . These integral relationships 

will be referred to as Hilbert t ransform between component of H . 

Therefore IH(f, d) I defines h(t , d) provided h(t, d) is causal; this causality 
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requirement is satisfied if and only if all of the zeros and poles of H(f, d) lie inside 

the unit circle of the complex z-plane. consider h(t ,d) = h(t - Tp, d) where T p is 

propagation delay. Since H(f,d) = e- jwTp H(f , d) , functions H(f ,d) and H(f,d) 

have identical magnitudes but differ in phase by the factor W Tp . Stated differently, 

(4.27) and then ( 4.25) , specifies H (f ,d) to within a constant linear phase shift . 

finally the causal impulse response is given by ( 4.22). 

4.5 Simulation and Numerical Results 

In this section, we valida te the developed analytical model for on-chip wireless 

optical communication by means of EM simulations. Then , by utilizing the 

developed model, we analyze the total channel time-frequency response and path

loss as a function of frequency and distance. In order to illustrate and understand 

the different properties of the Optical Band from the communication perspect ive , 

the channel model is evaluated in t erms of syst em response, total path loss and 

channel capacity. 

We utilize COMSOL Multi-physics to simulat e the propagation of wireless 

optical signals in a multi-layered heterostructure such as that given in Fig. 4 .1, 

with the specified thickness and material properties for each layer . An ideal 

on-chip optical source is emulated by means of an active arctic port. The signal at 

different distances is measured by means of point probes. A frequency-domain EM 

simulation is conducted between 50 THz and 300 THz (>- between 1 and 6 µm). 

First , we focus on the analysis of the system response at a fixed distance 

of d = 40 µm. In Fig. 5.2(b), we illust rate the channel frequency response 

IH(f,d) l2 both simulat ed with COMSOL and analytically obtained from (5 .21) . 

For the analytical model, we extract the reflection and diffraction points from 

t he simulation, and utilize (4.7) and (4.14) to compute the paths strength at the 

receiver. 
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More specifically, in our simulations, we define a quarter circular arc port to 

emulate the radiation of an omnidirectional nano-antenna. This is then divided 

into narrower sub-arcs to perform ray tracing calculations of the reflected and 

diffracted rays. We set the number of these sub-arcs (Nref and Ndif) to an 

arbitrarily large number (100 in these results) for accuracy. Note that this number 

could be reduced to reduce the computational complexity, at the cost of lower 

accuracy. For each sub-arc value, the radiated ray r 1 and its reflected ray r 2 are 

obtained by finding the reflection point at the boundary. Knowing the thickness of 

the layer , the port angle and the position of both the transmitter and the receiver, 

r 1 and its reflected ray r 2 are obtained using trigonometry. This task is done for 

each ray, i .e., Nref times until we calculate all reflected rays . A similar strategy is 

followed for the computation of the diffracted rays, but now starting from the both 

LoS and the reflected rays. In particular, the rays r 2 are now d1 in our diffraction 

calculations. From the position of the sub-arc and their angle, the incident angles 

¢/ at the edge of the core are obtained. We define a line across the layer as a lets 

say probe to see which point has the highest value of signal to keep it as the of 

diffracted ray path and its position. By knowing that angle of diffraction ¢ and 

d2 are obtained. This task is done Ndif times. Fig. 4.7 illustrates the described 

procedure. 

For time domain, we set up a time-dependent transient EM simulation in 

COMSOL. A time domain analysis allows us to implicitly validate the system 

response over the entire frequency range of interest ( from 50 THz to 300 THz in 

this case with focus on 193THz) . Additionally, we could validate the delay/phase of 

the received signals , and not just their amplitude or power. We used an arctic port 

as the EM source. The current density at the transmitting antenna corresponds 

to a 10 femtosecond-long Gaussian sine pulse. For this set of figures , we define 

several EM point probes at distances equal to 25 µm and 50 µm respectively. The 

system response at larger distances is simulated in the same way at the cost of a 
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Figure 4.7: Ray tracing simulation from transmitter to receiver. (a) Reflected and 
diffracted ray tracing. (b) Port rotation at transmitter. ( c) Diffraction edge and 
ray tracing at the edge. 

74 



Figure 4.8: Propagation models between the transmitter (Tx) and the receiver 
(Rx). (a) Line-of-sight or direct ray propagation. (b) Reflected ray propagation. 
(c) Diffracted ray propagation from side view at wedge with n = ½- (d) Diffracted 
ray propagation from top view at wedge with n = ½ ( e) Diffracted ray propagation 
from side view at boundary or edge with with n = l 

higher computational complexity. 

The system impulse response h(t) which is obtained analytically with ( 4.22) and 

numerically with COMSOL at a distanced= 40µm is illustrated in Fig.5.2(e). We 

compare two different results. ( 4.22) is numerically evaluated where Jo corresponds 

to the center frequency of the pulse p.s.d which is approximately 193 THz. We 

can observe that the analytical model can accurately reproduce the simulation 

results. The peak of the system impulse response corresponds to expected delay 

at d = 40µm from the source. 

The system frequency response is shown in Fig.5.2(b). In Fig.5.2(b), we 

illustrate the channel frequency response IH(f,d) 1

2 both as analytically obtained 

from (5.21) and simulated with COMSOL. In both cases, we defined Si02 as 
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Figure 4.9: Optical Band system model validation with COMSOL Multi-physics. 
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Figure 4.10: Optical Band system model validation with COMSOL Multi-physics. 
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medium composit ion. 

The analytical model can reproduce the simulation results with good accuracy 

in this frequency range. For higher frequencies, t here is a mismatch between the 

analytical model and the simulation results which can be associated to the double 

diffraction in high frequency occurs before reaching to the receiver in COMSOL. 

In Fig.4.lO(a ) , the received signal a t a dist ance d = 40µm is illust rat ed. The 

received signal analytical model can reproduce the results obtained in the COMSOL 

simulations. The delay in the maximum of the received signal matches in the two 

cases . The shape of the received pulses is also similar. This can be observed by 

comparing the p.s .d. of the received signal y, which is illust rated in Fig.4. lO(b). 

Again for higher frequencies, the mismat ch between the analytical model and 

the simulation results originates from double diffraction in high frequency occurs 

before reaching to the receiver in COMSOL. Finally, the distance dependence of 
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the system impulse response is also validated , by analyzing the received signal at 

different distances. In Fig.4.11 the received signal y a t distances equal to 5µm , 

lOµm , 15µm , 20µm , 40µm and 50 µm are shown, which validates our analytical 

model. 

After the validation of the pulse propagation properties, we numerically inves

tigate the path Loss. 

4.5.1 Path Loss 

We utilize the developed channel model to analyze the path loss at optical frequen

cies on chip. In Fig. 4.12, the total path loss is shown as a function of frequency 

and for different t ransmission distances, which is given in dB by 

( 4.28) 

where His the channel frequency response given by (5.21) . The path loss can 

easily go above 100 dB for transmission distances in the order of just a 100 µm. 

Total path loss increases with both the distance and the frequency and decreases 

with increasing oxygen content of S iOx due to its absorption coefficient. The 

fluctua tion in the path-loss is mainly related to the constructive or destructive 

addition of the reflected and diffracted rays at the receiver points. By increasing 

the distance, the fluctuation decrease such that if we only calculate the LOS signal, 

we will have smooth figure for path-loss . 

4.5.2 Channel Capacity 

To compute the capacity of the Opt ical Band under our scheme, we consider the 

resulting absorption noise to be addit ive and Gaussian , the maximum transmission 
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bit-rate C can be written as: 

C(d) = f log2 (1 + Sx(f) IH(f ,d)l2 ) df ( 4.29) JB3dB(d) SN(!, d) 

6.f = 2.4412 where dis the total path length , Sx is the transmitted signal p.s .d , 

IH(f, d) l2 is the total channel path gain determined by previous section and 

SN(!, d) is the noise p.s.d: 

2 
SN(f,d) = limkBTo(l - exp(-K(f)d)) ( ::: ) ( 4.30) 

v41rfo 

The noise in the Optical Band is mainly contributed by the absorption noise 

which is correlated to the transmitted signal. 

4.6 Conclusions 

On-chip wireless optical communication among cores has been proposed as a 

mechanism to enable high-speed , multicast and broadcast links for control signaling 

and data sharing in WNoC. In this paper, the first steps towards assessing the 

feasibility of this new communication and networking paradigm have been taken. In 

particular, we have developed the first multi-path channel model for wireless optical 

communication on-chip , by taking into account the spreading and absorption in 

silicon for line-of-sight propagation and , in addition, the reflection at the layer 

interfaces and diffraction at the cores ' edges for non-line-of-sight propagation. 

The developed model has been validated in a specific on-chip scenario by means 

of electromagnetic simulations, and path-loss numerical calculations have been 

developed to analyze the feasibility of this technology. The results show that 

optical wireless links on chip for up to several millimeter distances are possible, in 

part thanks to the reflected rays . Our future work includes a ... 
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CHAPTER 5 

Multi-physics Analysis of Hybrid 

G raphene / Semiconductor P lasmon ic 

Sources 

The performance of an on-chip Terahertz (THz) source based on the Dyakonov-Shur 

(DS) instability is analytically and numerically investigated. The impact of non

ideal termination impedances at the source and the drain of a III-V-semiconductor

based High-Electron-Mobility-Transistor (HEMT)-like plasmonic cavity is first 

studied in the linear approximation of the hydrodynamic model. Then , a multi

physics simulation platform that self-consistently solves the full hydrodynamic 

model and Maxwell 's equations is developed and utilized to numerically investigate 

the effects of the finite termination impedances on the DS instability, the generated 

plasmonic current and the radiated THz electromagnetic signals in the steady state. 

The results show that non-ideal boundary conditions at the cavity t erminations 

can drastically impact the DS instability and reduce the generated and radiated 

THz EM signals. 
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5.1 Motivation 

Over the last decades , wireless dat a traffic has drastically increased due to a 

change in the way today 's society creates, shares and consumes information. The 

massive growth in the total number of mobile connected devices (over 8.0 billion 

in 2016) has been accompanied by an increasing demand for higher speed wireless 

communication. 

Several approaches are being considered to meet this demand. At frequencies 

below 5 GHz , advanced physical layer techniques are being used to achieve a 

very high spect ral efficiency. However , the scarcity of the available bandwidth 

due to an overcrowded spectrum limits the achievable dat a rat es. For example, 

in Long-Term Evolution Advanced (LTE-A) networks, peak dat a rates on the 

order of 1 Gbps are feasible over 100 MHz of aggregat ed bandwidth [9]. This 

is three orders of magnitude below the expected demand . Similarly, dynamic 

spectrum access/sharing techniques are being heavily investigated to better utilize 

the available bandwidth. However , this technology is far from being able to support 

Tbps dat a rates. Millimet er wave communication syst ems, such as those at 60 

GHz , have attracted much attention in the last few years due to their ability to 

support very high dat a rates (on the order of 10 Gbps) at the cost of a reduced 

transmission dist ance [108] . While this is definitely the way forward, this data 

rate is still two orders of magnitude below the expect ed demand. The path to 

improve these data rates involves the development of more complex physical layer 

solutions with higher spectral efficiency. However , the usable bandwidth is limited 

to less than 10 GHz, which effectively poses an upper bound on data rates. 

Free Space Optical (FSO) communication systems, which operate at infrared 

frequencies and above, are similarly being explored as a way to improve the 

achievable dat a rat es in wireless networks. The very large intrinsic bandwidth 

that is potentially available at such high frequencies appears to make such systems 
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ext remely attractive. In practice, however, their realization has been hampered by 

a number of issues, namely: a low transmission-power budget that is constrained 

by possible hazards to human vision; the impact of atmospheric effects (such as 

fog, rain, airborne dust , or pollution) on signal propagation; and the need for strict 

alignment of transmitter and receiver components on the nanoscale. Collectively, 

these considerations severely limit the practicality of FSO systems for mobile and 

personal networks [76]. 

Following this trend , wireless (Tbps) links are expected to become a reality 

within the next five to ten years , while matching for the first t ime?the fastest data 

rates of wired communication standards. [36]. To satisfy such demand, sophisticated 

communication schemes (e.g., massive MIMO) as well as new spectral bands are 

needed. In this context , Terahertz (THz)-band (0.1 to lOTHz) communication is 

envisioned as a key wireless technology for future communication networks [8, 87]. 

Despite major recent advances, one of the main challenges in the realization 

of THz communication networks is the lack of t ruly compact solid-sta te signal 

generators and detectors that are able to efficiently operate at THz frequencies. One 

promising approach to implementing such devices utilizes plasma waves. It has been 

shown [72 , 103] that THz-frequency plasma waves can be excited in the channel of a 

high-electron-mobility-t ransistor (HEMT) by means of electrical or optical pumping. 

To date, different technologies are being considered to close the so-called THz gap. 

In an electronic approach, the limits of st andard silicon CMOS technology [99], 

silicon-germanium BiCMOS technology [5], and III-V semiconductor HEMT, 

mHEMT and HBT technology [41] are being pushed to reach the 1 THz mark. 

These systems commonly rely on frequency-multiplying chains to up-convert a 

multi-GHz local oscillator to THz frequencies. Power loss due to the generation 

of non-desired harmonics and limited gain of these devices when approaching 

true THz frequencies hamper the energy efficiency and limit the feasibility of this 

technology for higher frequencies. In an optics or optoelectronic approach, besides 
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photoconductive antennas [61] and optical downconversion systems [97], which 

would require separate on-chip optical sources, quantum cascade lasers (QCLs) [81] 

are clear potential candidates for high-power THz-band signal generation. These 

lasers can yield THz emission across a broad spectrum, offering output in the 

range of tens of milliwatts at cryogenic temperatures. However, they suffer from 

poor performance at room temperature. 

In parallel to these approaches , a promising alternative to realizing THz 

communications is to leverage the properties of plasmonic materials to develop 

compact on-chip THz sources . Among others, a III-V semiconductor-based HEMT

like structure, with a 2D electron gas (2DEG) channel that is formed at a high

quality heterointerface, can be utilized to electrically excite 2D plasmons at THz 

frequencies . In particular, when a DC current is passed through the HEMT channel, 

spontaneously excited plasmons drift with the 2D electron fluid. The electron drift 

causes the Doppler shift in the plasmon dispersion. Plasmon reflection from the 

channel boundaries reverses the Doppler shift and may result in the amplification 

of the plasma wave amplitude. Dyakonov and Shur [45] have shown that if the 

plasmon reflection conditions at the opposite ends of the channel (the drain and 

the source boundaries) are asymmetric, the instability may be developed when the 

amplitude of the plasma wave increases exponentially, provided that the plasma 

wave gain exceeds the damping losses - the Dyakonov-Shur (DS) instability. In the 

non-linear regime, the plasmonic system is stabilized due to the electromagnetic 

(EM) radiation at the plasmon frequency in the THz range. In this process , the 

kinetic energy of the drifting plasmon is transformed into EM energy. 

This DS instability has been studied numerically and experimentally in a 

number of publications [21 , 28 , 29 , 46, 71]. For typical HEMT parameters , the 

frequency of the unstable plasma modes lies in the THz range, and significant effort 

has focused on implementing a THz transmitter based on this effect [102] . However, 

these efforts have been largely unsuccessful because the EM power radiated into 
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free space has proved to be too weak for practical use [29, 102]. One of the 

main reasons behind this problem is the complexity introduced when creating the 

asymmetric boundary conditions in the HEMT. Since its original inception by 

Dyakonov and Shur, it has been considered that the source impedance approaches 

zero ohm, and the drain impedance tends to infinity, something which practically 

cannot be assumed. Similarly, in a wireless communication syst em , the need to 

attach the source to a modulator or ultimately an antenna, will further modify 

such impedance . 

In this chapter, we analytically and numerically investigate the HEMT-like 

on-chip THz sources based on the DS instability and impact of the non-ideal 

boundary conditions at the source and drain contacts on its performance. More 

specifically, we first develop a new analytical model for the DS instability in the 

2D electron layer with finite impedances at the source and drain (Sec. 5.2). Then, 

we develop a comprehensive finite-difference time-domain numerical solver that 

consistently solves the hydrodynamic model equations and Maxwell 's equations 

(Sec. 5.3) . By utilizing this tool, we numerically validate the developed analytical 

model and study the impact of non-ideal boundary conditions at the source and 

drain of the device on the generated and radiated EM fields in the steady state. 

Our results show that non-ideal boundary conditions can not only reduce the 

generated power by the THz source, but can effectively prevent the insta bility 

from arising. We quantitatively show that, provided that the source impedance is 

much lower than the HEMT intrinsic impedance and both are much lower than 

the drain impedance, the DS instability will develop and the HEMT structure, in 

steady state, becomes a THz transmitter. These results emphasize the need to 

engineer the drain and source impedances , in addition to the drift velocity and 

the electron relaxation time, to enable DS-instability-based on-chip THz sources . 
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5.1.1 2- D Plasmon Propagation Inside Ungated and 

Gated 2DEG 

For an Unbiased 2-D heterostructure, plasmons propagate along the channel with 

propagation constants: 

(5 .1) 

where ry is t he complex propagation const ant with real (a) and imaginary part 

(/3 = or kp) , w = 21rf , c and Er are angular frequency, speed of light in the~1r 
p 

vacuum and dielectric constant of 2DEG respectively. 

In Fig .... , the electric field distribut ion of the 2-D plasmons in the 2DEG layer 

calculated by the numerical solver is illustrat ed . The results show a 2-D plasma 

wave is excited wit hin the 2DEG channel by a single frequency f of sinusoidal 

wave (by using Gaussian excitation pulse, a wide band simulation can also be 

achieved). Therefore, plasmons waves are excited an excitation point in the middle 

of channel. It is assumed that the size of the device along x-axis is very large in 

comparison to the >.Pof t he 2-D plasmons. In Fig . ... , t he x component of the 

elect ric field inside the unbiased heterostructure is depict ed . As illust rat ed , the 

numerical model has calculated the 2-D plasmon propagation constant nearly close 

t o the values estimated by the analytical model in Fig ... 

The same excitation process is used for the gated case when the 2DEG layer is 

covered with a graphene layer with distance 5nm from 2DEG (d) . As shown in Fig . 

..and ... , a plasma wave is illustrated which is propagating away from excitation 

point. The result ing propagation constant (kp = ~1r) are plotted in Fig..... For a 
p 

gated 2DEG layer , the dispersion relation from is given by: 

(5 .2) 
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Figure 5.1: Dispersion calculated from the numerical model vs analytical predictions 
from (5.2) 

where dbar is the dist ance between gate and 2DEG. Again, as illustrated , the 

numerical model is close to the values estimated by the analytical model in Fig ... 

5.2 Analytical Model 

5.2.1 Basic Equations 

Collective plasma excitations in the two-dimensional 2DEG in the HEMT conduc

tion channel with a DC electric current can be described by the hydrodynamic 

model [? ] . In this model, the 2DEG is characterized by the local electron density 

n (r , t ) and velocity v (r , t) obeying the Euler and continuity equations. For a 

plasmon propagating in the x direction in the 2DEG layer positioned in the plane 
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z = 0 these equations are: 

av av e l aP v 
- +v- = - - Ex (5.3)
at ax m; nm; ax T ' 
an a(nv)_o (5 .4)at+ ax - . 

Here, P stands for the local pressure in the 2D electron fluid, Ex is the x 

component of the self-consistent electric field in the channel and - e and m: are 

the electron charge and effective mass , respectively. A phenomenological damping 

term included into the Euler equation in Eq. (5 .3) accounts for the collisional 

damping of the plasmon with the characteristic relaxation time T. At typical 

electron densities, the 2DEG in the HEMT channel remains degenerate in the 

broad range of temperatures up to the room temperature. In the degenerate limit , 

the 2D electron pressure P in Eq. (5.3) depends on the electron density n as 

(5 .5) 

Equations (5 .3) and (5.4) should be solved together with Maxwell's equations for 

the plasmon EM field to obtain the self-consistent solution. This will be numerically 

done in Sec. 5.3. In this section, in order to provide an intuitive analytical model, 

we limit our consideration of the plasma oscillations to the linear analysis sufficient 

to determine conditions necessary for triggering the plasma instability and growth 

of the amplitude of the plasma wave. In this case, the EM field can be found in the 

quasi-static approximation by using the Poisson equation for the self-consistent 

electric potential r.p (r, t) of the plasma wave 

en
v'x 

2 z(r.p) = - o(z) , (5 .6)
' coc 

E _ _ ar.p (x, z = 0) 
X - ax > 

(5 .7) 
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where c: is the relative permittivity of the surrounding medium. 

We linearize Eqs. (5 .3)-(5 .5) with respect to the small fluctuations of the 

electron density on (x, t) and average velocity ov (x, t) assuming that n =no + on, 

v = v0 + ov, where no is the equilibrium electron density and v0 is the constant 

electron drift velocity due to DC source-drain bias . For one Fourier Harmonic 

on, ov, r.p ex e-ikx+iwt we obtain the system of linear algebraic equations for the 

charge density p = - eon and electric current density j = - e (n0 ov + v0 on) in the 

plasma wave which should be solved together with the Poisson equation connecting 

p and ¢. Electric potential is connected with the fluctuation of electron density 

by Eq. (5 .7) . When the ideal metal gate is separated by the distanced from the 

channel, Eq. (5.7) yields the following relation between r.p and p [12]: 

r.p= 
p 

(5 .8)
lk lcco (1 + coth lk ld) · 

A non-trivial solution for j and r.p exists only if: 

(w - kvo) ( w - kvo - ~) = 
(5 .9) 

e2nolkl 1 2 2 

m:ffo (1 + coth lk ld) + 2k vvp, 

where VF is the Fermi velocity in the degenerate 2DEG. The last equation is 

t he dispersion equation for the drifting plasmon in the gated 2D electron channel. 

It can be further simplified if we assume that the collisional damping is small 

W T» l and the gate-to-channel separation dis much smaller than the plasmon 

wavelength kd « l. As shown below, the typical plasmon wavelength is of the 

order of the source-drain distance so the last assumption is justified. With these 

assumptions, the drifting plasmon dispersion law takes simple form 

(5.10) 
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where sign ± corresponds to the Doppler-shifted acoustic plasmons propagating in 

the opposite directions, and 

(5.11) 

is the plasmon velocity in the absence of the drift . This last result differs from the 

well-known expression for the velocity of the gated plasmon [12] by the correction 
2 y . This correction results from the inclusion of the pressure term into the Euler 

equation. 

The general expressions for the voltage V (x , t) = r.p (x , z = 0, t) and the current 

I (x, t) = j (x , t) Win the plasma wave of frequency w propagating in the gated 

channel of width W are 

V (x t) = C e-ik+x+iwt + C e-ik_x+iwt , 1 2 , (5 .1 2) 

(5 .13) 

where k± = ((w-±f,:- )) are the complex wave numbers of the plasma wave propagating
Vo Vp 

in the direction of the drift (+) and in the opposite direction ( - ) , and Z0 = ___1:__w. 
EEQVp 

Constants C1 and C2 are determined by the boundary conditions. 

5.2.2 The Dyakonov-Shur Instability 

The physical mechanism of the DS instability described in the Introduction is based 

on the asymmetric reflection of the drifting plasma waves at the opposite ends 

of the plasmonic cavity formed in the gated region of the 2D conduction channel 
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i

in the HE MT. The very general description of this reflection can be obtained by 

introducing the terminating complex impedances between the 2D channel and the 

gat e at the ends of the plasmonic cavity. This approach is based on the analogy 

between the plasma wave propagation in the gated 2D channel and an AC signal 

propagation in the transmission line [6]. 

We assume that an ac link between the 2D channel and the gate is purely 

reactive and choose the terminating impedances as iZs and iZD where subscripts 

"S" and "D" refer to the source and drain sides of the plasmonic cavity and Zs , 

Z D have real values. In this approximation, we neglect the resistive part of the 

terminating impedances responsible for the leakage of the plasma wave from the 

cavity to the source and drain contacts with the loss of the real power. Now t he 

boundary condit ions for the plasma waves in the plasmonic cavity of length L with 

terminating impedances i Zs at x = 0 and iZD at x = L are: 

V (0 , t) = - iZs I (0 , t ) , (5.14) 

V (L , t ) = i ZDI (L ,t) , (5 .15) 

which are in the form of phasor. The opposite signs in the right hand sides of these 

two equations are due to the reversed directions of the currents at the opposite 

ends of an isolated cavity. Equations (5.12)- (5.15) solved together determine the 

dispersion equation of the plasma modes in the cavity as 

( w - ,f;: ) L 
2 

Vp (1-~) [1- ~ (1 +~)] [1- ~ (1- ~ )]
e VP (5.16) 

[1 + i~i (1 - ~~ ) ] [1 + i: (1 + ~~ ) ] . 

The last equation yields complex plasma frequency w = w' + iw". In the practically 
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important limit :!!ll. « 1 , we obtain 
Vp 

I Vp ( )w = L nn - r.p s - r.p D , n = l , 2, ... (5 .17) 

w " = - [voL (cos2 r.p s - cos2 r.p D ) - 2T 
1 ], (5.18) 

where 

IZD,s l 
tanr.pD,S = z;;-· (5.19) 

Inequality w" < 0 is the condition of the DS instability in the plasma wave. 

It follows from Eqs. (5.17) and (5 .18) that the DS instability occurs only if 

IZ DI > IZs I at the drift velocities vo larger than some threshold value increasing at 

short relaxation times. One should also point out that the condition IZD I > IZs l 

is a necessary condition for the beginning of the DS instability at arbitrary values 

of vo < 1 [33]. The magnitude of the instability increment depends on the 
Vp 

1relative values of IZD I and IZs l but also strongly depends on the IZi/ ratio . The 

impedance Z0 can be interpreted as the characteristic impedance of the plasmonic 

transmission line [6]. The proper tuning of the terminating impedances with 

respect to Z0 may increase the instability increment . The ideal case corresponding 

to Zs = 0, ZD -+ oo was considered in the original paper by Dyakonov and 

Shur [45]. In this limit , Eqs. (5.17)-(5 .19) reproduce the results found in this paper 

at vo « vp . 

5.3 Numerical Analysis of the DS Instability 1n 

Semiconductor HEMTs 

The analytica l solutions were obtained within the first order perturbation theory 

and , thus, only valid when the fluctuations are small. Less restrictive numerical 

simulations, which can capture the impact of the geometry, additional plasma 
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damping due to finite electron momentum relaxation time, and the finite values of 

the t erminating impedances, are needed for comprehensive study of the HEMT 

THz device performance. 

5.3.1 Multi-physics Simulation Platform 

To numerically analyze plasma waves in the on-chip THz source, the hydrodynamic 

model equations describing the evolution of the electron density n , velocity v and 

current density j = - env in the 2DEG layer and Maxwell's equations describing 

t he evolution of the electric E and magnetic H fields have to be self-consistently 

solved together. Since existing commercial tools cannot simultaneously solve both 

hydrodynamic and Maxwell 's equations in the time domain, we have developed 

a finite-difference time-domain (FDTD) multi-physics simulation platform. In 

t he developed platform, the electron dynamics in the 2DEG layer is described by 

solving the hydrodynamic model equations Eqs. (5.3) and (5.4). To compute E x 

in Eq. (5.3) , we now solve Maxwell 's equations 

(5.20) 

(5.21) 

Here E = Exx+ E yfj and H = H zz refer to the electric and magnetic fields vectors , 

respectively, the current density vector J = Jxx is related to the surface current 

density j in the 2DEG as Jx = -t - 1-· - where t2DE G is t he thickness of the 2DEG 
2DEG 

layer. 

Stabilizing a fully explicit discretization of the governing equations for such 

a highly non-linear system of differential equations as the hydrodynamic model 

equations is a critical task . A slight change in the discretization strategy may 

cause computational instability and direct application of common discretization 

methods does not lead to the physically correct results. The order in how the 
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various quantities (n , v, j , E , H) are updat ed is also of crucial importance. In 

our analysis, we follow the methodology introduced in [14] to simulate the 2DEG 

as a lD system and utilize the up-wind approach to stabilize the discretiza tion 

of the system. Then , we use a homogeneous and uniform mesh to generalize to 

two dimensions for the EM solver [47, 60 , 117]. In the Supplement , we provide 

the derivation of the finite-element discretization of the governing equations and 

t he condit ions for the system to be numerically stable. 

In Fig. 5.3 , we illustrate the reference structure simulated in our analysis . It 

consists of a HEMT-like structure, built with a III-V semiconductor material with 

permittivity c and metallic gate and source and drain contacts with conductivity 

r, . The 2DEG layer is characterized by the electron density n , velocity v , effective 

electron mass m;, and electron momentum relaxation time T . It is positioned at a 

distance d under the gate , and has an effective thickness t2D EG · The impedances 

between the source and the gate and the drain and the gate are given by Z8 and 

ZD , respectively. The HEMT is considered to be in an air-filled box delimited 

by a Perfectly Matched Layer. The latter is needed to emulate an infinite space 

when solving Maxwell 's equations and prevents a rtificia l reflections at the box 

boundaries. 

5.3.2 Numerical Results 

In this section, we numerically investigate the behavior of the DS plasma instability 

in the gated InGaAs-based HEMT structure shown in Fig. 5.3 , with 2DEG channel 

length L = 110 nm, gat e length L 9 = 100 nm extended from source to drain 

with 5 nm separation from ohmic contact s at source and drain. We consider 

the gat e and source and drain contact s to be made of a nearly ideal metal with 

r, = 107 S/ m , channel depth d = 70 nm, channel width W=lOO µm, 2DEG layer 

thickness t 2Dec=5 nm, c:= 13, m ; = 0.04mo . We initialize the whole channel with 

2equilibrium electron density n0 = 2.2 x 1015 m- and const ant drift velocity v0 , 
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Figure 5.3: Schematic of t he HEMT structure used for numerical simulations. 

and apply initial excitation by doubling the electron density at the channel length 

of 5 nm next to the drain contact . Then we record the time dependence of the 

plasmonic ac current in the 2DEG channel. Our numerical algorithm including 

the implementation of different boundary conditions is described in detail in the 

Supplement. 

Impact of Drift Velocity v0 and Relaxation Time T 

In t his numerical study, we assumed the ideal boundary conditions Zs=O, Zv = oo 

and recorded t he time dependence of the plasmonic ac current near the drain 

contact s after initial excita tion. It follows from Eq. (5.18) that under the ideal 

boundary conditions the instability occurs when the electron transit time in the 

HEMT Ttr = L/v0 is shorter t han 2T [45]. Our numerical results are presented in 

Fig. 5.4. 

In Figs. 5.4(a) through 5.4(c) we assumed v0 = 4 x 105 m/s so that the electron 

t ransit time Ttr =0.275 ps, and recorded the current signal at different values of the 
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electron relaxation time. For the values of T=0 .01 ps and T=0.l ps in Figs. 5.4(a) 

and 5.4 (b) respectively, we have Ttr > 2T , and the plasmonic current signal decays 

rapidly after the initial excitation because the power losses due to random electron 

scattering exceed the power gain due to plasmon reflections from the asymmetric 

boundaries. In Fig. 5.4(c) , the value of Tis lps and Ttr < 2T. In this case, the 

power gain at the plasmon reflections from the asymmetric boundaries starts to 

exceed the scattering losses, and the DS instability develops. The oscillating THz 

plasmonic current stabilizes at some finite amplitude when the combined losses 

due to scattering and EM radiation balance the power gain. 

Decreasing electron drift velocity makes electron transit time longer and the 

instability eventually disappears . This is shown in Figs. 5.4(d) and ?? where we 

recorded the time dependence of the current at T=l ps but v0 = 1 x 105 m/s and 

v0 = 0.2 x 105 m/s, respectively. In Fig. 5.4(d) the value of Ttr=l.l ps is less than 

2T and the instability still exists. However, with further decrease of v0 the DS 

instability disappears as shown in Fig. 5.4(e) where Ttr =5 .5 ps. 

Impact of Source and Drain Impedances 

In the HEMT plasmonic cavity formed in the 2D channel between the source and 

the drain terminal , the DS instability is maximized under the ideal boundary 

conditions Zs = 0, ZD = oo. As shown in Eq. (5 .18) , the finite source-gate 

and drain-gate impedances suppress the instability. These impedances are the 

result of the shunt capacitances always present between the gate and the HEMT 

source/drain terminals . Calculations show that in the HEMT structures these 

impedances are in the range of tens of femtofarads [71]. We studied numerically 

the impact of the finite gate-source (Cs) and gate-drain (CD) capacitances on 

the DS instability in the HEMT structure shown in Fig. 5.3. In this case, the 
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Figure 5.4: Plasmonic THz current as a function of time at different drift velocities 
v0 and electron relaxation times T. The gate-source impedance Zs = 0, the 
gate-drain impedance ZD = oo . 

99 



i~F:::=. : :1 
0 2 4 6 8 10 12 14 16 

Time [ps] 

(a) Cs= l fF , CD = l fF 

4 6 8 10 12 14 16 
Time [ps] 

(b) Cs= 5 fF , CD = l fF 

2 4 6 8 10 12 14 16 
Time [ps] 

(c) Cs= 10 fF , CD = l fF 

i;1 ....._____.__________.________::_____.________.::lE:: 
0 4 6 8 10 12 14 16 

Time [ps] 

(d) Cs= l fF , CD = 5 fF 

4 6 8 10 12 14 16 
Time [ps] 

(e) Cs= l fF , CD = 10 fF 

Figure 5.5: Plasmonic THz current density j as a function of time at different 
values of the gate-source (Cs) and the gate-drain (CD) capacitances. Electron 
drift velocity v0 = 4 x 105 m/s, electron relaxation t ime T=l ps. 
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boundary conditions conforming with Eqs . (5 .14) and (5 .15) are as follows 

I (O ) = -C aV (0 , t) (5.22) , t s at , 

I(L ) = C aV(L,t) (5.23) 't D at ' 

where V (x , t) is connected ton (x, t) as V (x, t) = - en (x , t)/Cgc· Here C9c = 

ffo/ d is the gate-channel capacitance per unit area. 

In our numerical simulations, we take v0 = 4 x 105 m/s and T=l ps and record 

plasmonic current near the drain contact as a function of time. The results are 

presented in Fig. 5.5 . 

In Fig. 5.5(a), we assumed that Cs= Cv=l fF. In this case, the boundaries 

become symmetric (Zs= Zv), the power gain disappears, and the ac plasmonic 

current rapidly decays due to random scattering of electrons. In Figs. 5.5(b) and 

5.5(c), asymmetry is introduced by assuming that Cs =5 fF and 10 fF , respectively, 

and Cv=l fF so that Zv > Zs . The power gain due to plasmon reflections from 

the asymmetric boundaries exceeds the damping losses, and the DS instability 

develops with finite plasmonic current stabilized by the radiation losses. If the 

value of Cs is kept constant , and asymmetry is introduced by increasing the value 

of Cv so that Zv < Zs the current continues to decay as predicted by Eq. (5 .18) . 

This is shown in Figs. 5.5(d) and 5.5(e) where Cs=l fF and Cv=5 fF and 10 fF , 

respectively. 

Rigorous numerical solution of the non-linear hydrodynamic equations together 

with the full system of Maxwell's equations is in good qualitative agreement with 

the results of the linear perturbation analysis of the hydrodynamic equations 

within quasi-static model of the EM field presented in Sec. 5.2. However , the full 

numerical solution goes beyond the linear response and allows analysis of the final 

steady state of the radiating HEMT system including the structure of the radiated 

THz EM field . This analysis is presented in the next section. 
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Figure 5.6: Electric fields resulting from the DS instability corresponding to Fig. ?? 
(ideal boundary conditions, T = l ps , v0 = 4 x 105 m/s) . 

102 

https://v;rrr.10


5.3.3 Generated Electromagnetic Fields 

In this section , we examine the performance of a HEMT-like structure as a THz 

EM source based on the DS instability by analyzing the properties of the generated 

fields and the impact of the source and drain impedances on the radiated power. 

In Figs. 5.6(a) and 5.6(b) , the electric field vector components E x and E y 

respectively, are plotted for the radiating HEMT in the steady state with T=lps, 

v0 = 4 x 105 m/s and ideal boundary conditions corresponding to Fig. 5.4(c). The 

plots show that the plasma wave in the 2DEG channel generates an EM wave 

in the space between the gate and 2DEG channel, which leaks through the gaps 

between the source/drain contacts and the gat e and propagat es eventually over 

the entire simulation region. 

The EM power P radiated by the THz source at any given frequency can be 

calcula ted by integrating the normal component of the Pointing vector over a 

continuous boundary that encircles the device as : 

P = ~ fc Re {E x ii•} ndl , (5.24) 

where n is the unit vector normal to the boundary and E and H are complex 

Fourier transforms of the electric and magnetic field vectors in the time domain at 

the integration boundary C shown in Fig. 5.3. In our analysis, we disregard the 

transient t ime until the generated currents and fields become stable ( approximately 

the first 2 ps in Figs . 5.4 and 5.5) . 

In Fig. 5.7, we show the radiated EM power spectrum for bot h ideal and non

ideal ( Cs = 10 fF , CD = 1 fF) boundary conditions at T= l ps and v0 = 4 x 105 m/s. 

Resonant peaks in the power spectrum occur at the frequencies of plasmons confined 

in the HEMT cavity with the largest peak at the fundamental frequency of 2.27 THz 

and much weaker peaks at higher harmonics. The value of the fundamental plasma 

frequency estimated from the power spectrum is about 10% larger than the one 
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predicted by the theoretical model in Eq. (5 .16) indicating the difference between 

simple theoretical model and more accurate numerical simulation accounting 

for complicated spatial distribution of the EM fields in the finite semiconductor 

structure, see Fig. 5.6. 

At the fundamental frequency, the radiated EM power per unit channel width 

shown in Fig. 5.7 is about 9 x 10-s W / µm under the ideal boundary conditions. 

In this case, the total radiated power from the device can be estimated as 9 x 

10-s W / µm x lOOµm= 9µW. The non-ideal boundary conditions decrease the 

instability increment in Eq. (5.18) and result in the decreased radiated EM power. 

This is shown in the inset in Fig. 5.7 where the radiated power spectrum is 

plotted in the linear scale making this difference more clear. When the non

ideal boundary conditions are used the reduction in the radiated power at the 

fundamental frequency is about 4.2 x 10-s W / µm or 46 .7%. 

5.4 Concluding Remarks 

In this chapter , we have analytically and numerically investigated the performance 

of an on-chip HEMT THz transmitter based on the DS instability. We found 

conditions of instability and its dependence on the various parameters in the 

realistic finite size HEMT semiconductor structures with metal source, drain, and 

gate contacts . We also analyzed numerically the HEMT transmitter performance 

in a steady radiating state and found the EM field distribution and the radiated 

power in different regimes. 

Our study shows that finite non-ideal drain-gate and source-gate impedances 

can reduce the strength and even entirely suppress the DS instability when the 

difference between their values and the ideal ones increases. Similarly, the radiated 

EM power a lso decreases under non-ideal boundary conditions. These results 

highlight the need to precisely engineer the source and drain impedances in order 
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Figure 5.7: The radiated EM power spectrum for ideal boundary conditions (blue) 
and non-ideal boundary conditions (Cs = 10 fF , Cv = 1 fF) (red) , T=l ps, 
v0 = 4 x 105 m/s . Inset: the same power spectrum in linear scale, showing the 
power loss due to non-ideal boundary condit ions. 
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to enable the DS instability-based on-chip THz source and are important for its 

experimental realization. 

The developed numerical multi-physics simulation platform allows for self

consistent solution of the hydrodynamic model equations and Maxwell 's equations 

in an air-enclosed HEMT-type structure and can be easily extended to simulate 

d ifferent electronic, plasmonic and electromagnetic devices and structures. 

5.5 Appendix: Finite-difference Time-domain 

Multi-physics Simulation Platform 

The numerical results presented in the paper have been obtained by means of a 

home-built Finite-Difference T ime-Domain (FDTD) platform that consistently 

solves the hydrodynamic model (HDM) equations and Maxwell 's equations. In this 

section, we describe the implementation of the platform, including the discretiza

tion of the scenario under analysis as well as the discret ization of the governing 

equations . 

5.5.1 Discretization of the Scenario 

The first step involves the discretizat ion of the device under analysis. In F ig. 5.8, 

we illustrate the reference structure and its meshed equivalent. It consists of a 

HEMT-like structure, built with a III-V semiconductor material with permittivity 

c and metallic gate and source and drain contacts with conductivity CJ . The 2DEG 

layer is characterized by the electron density n , velocity v, effective electron mass 

m; ,and electron momentum relaxation time T . It is positioned at a distance d 

under the gate, and has a thickness t2DEG · The HEMT is considered to be in 

an air-filled box delimited by a Perfectly Matched Layer (PML) . The latter is 

needed to emulate an infinite space when solving Maxwell 's equations and prevents 
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Figure 5.8: Schematic of the reference structure and its discretized (meshed) 
equivalent. 

artificial reflections at the box boundaries [117]. 

The mesh size along the 2DEG layer is determined by the Debye length criteria 

inside the semiconductorTo ensure numerical stability, 6.t < 6.x/ c, where c is the 

speed of light . In our scenario, we consider 6.x = 5 nm and 6.t = 10-17 s . In 

addition, we define 6.y = 6.x, and, thus, the thickness of the 2DEG is effectively 

set to t2vEG =5 nm. 
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5.5.2 Discretization of the Hydrodynamic Model Equa

tions in the 2DEG Channel 

The second step involves the discret ization of the HDM equa tions, which, for 

convenience, we rewrite as follows: 

an ay _ 
0 (5.25) at + ax - ' 

83 83 ~ av ne 1rn2 exp (ff) an j
- +v- + J- = - - E x -n----~--- (5.26)
8t ax at m; m ; 2 exp (ff) - 1 ax T ' 

where 3= nv is the particle current density in the HEMT channel, E x is the 

electric field along the channel, E p = 1rn
2 

. n is the 2D gas Fermi energy, T is the 
me 

system temperature, k is the Boltzmann constant and T is the plasmon relaxation 

time. 

i-2 i-1 i i+ l i+2 

. / . / -..... '-... 
1-3/2 1- 1/2 i+l/2 i+3/2 

F igure 5.9: Location of boundary and center cells for vectorial and scalar quantities, 
respectively. 

We follow the methodology introduced in [13] to discret ize and solve the HDM 

equat ions in the N = f x cells Ci corresponding to the 2DEG (Fig. 5.8) . Scalar 

quantit ies such as the electron density n are locat ed at the centre of the cells 

(sub-index i) , whereas vectorial quantities like the current density 3and v are 

located at the boundaries of the cells (sub-indexes i ±½ ,see Fig. 5.9) . 

First , the values of ni and Ji+ 1. are init ialized to no and j0 , respect ively, where 
2 

no is the equilibrium electron density and v0 is the constant electron drift velocity 

due to DC source-drain bias . Then , the value of ni at the next time inst ant is 
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computed from the discretized continuity equation (Eq. (5 .25)) as follows : 

A•t "t 
Ji+ ½ - Ji- ½ 

(5.27) 
~ x 

(5.28) 

Next, we compute the value of the electron density ni±! at the boundaries of the 
2 

cells by following the upwind approach , which is defined as follows : 

if Yi+! > 0, 
2 (5.29) 

if Yi+! < 0, 
2 

i.e., the electron density is extrapolated from neighboring points in the direction 

of the electron flow. The upwind extrapolation of the electron density which is 

given by the weighting factors ! and -½ is improving the accuracy of the scheme 

compared to the usual upwind choice ni±! = ni where simply the neighboring
2 

value in upwind direction is used. We can now compute the electron velocity as 

(5.30) 

At this point , we can discretize the impulse balance (Eq. (5.26)), mostly by 

means of central differences . The stability of the scheme is improved if the current 

density is first updated by [13]: 

A·t+ l A·t 
Ji+ ½ - Ji+½ 

~t 

(5.31) 
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At At t
and then j i+ ! is updated by the convective term as follows . If ji+! or vi+ ! have 

2 2 2 

positive direction: 

(5.32) 

otherwise: 

(5.33) 

Then Yi+l is updated by the convective terms , but with Yi+! and vi+! replaced
2 2 2 

by the values resulting from Yi+!: 
2 

(5.34) 

Finally, there is a need to define the boundary conditions for n and yat the 

source and drain contacts, i.e., n 1 , nN, y! , and YN+! - In the case of ideal boundary
2 2 

conditions, at the source terminal, we apply the Neumann boundary condition for 

the electron density, i.e., n 1 = n0 . At the drain terminal , we apply the Dirichlet 

boundary condition for the electron current , i.e., YN+! = nova. 
2 

In the case of non-ideal boundary conditions, the current at the source y! and 
2 

at the drain yN + ! are defined as 
2 
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(5.35) 

(5.36) 

which correspond to the discretized version of Eqs. (20) and (21) in the paper. 

5.5.3 Discretization of the Maxwell 's Equations in the 

Entire Structure 

We follow the methodology from [117] to discretize Maxwell's equations. For a 

transverse magnetic (TM) mode, the magnetic H and electric E fields can be 

written in finite differences , respectively, as: 

(5.37) 

(5.38) 
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(5.39) 

and Hx and Hy are zero. The linkage between the HDM equations and Maxwell's 

equations is given by the term Jx in Eq. (5 .37) , where Jx = -t eJ (see Fig. 5.10) . 
2DEG 

Figure 5.10: Discretized system of equations. 

Finally, in order to emulate an unbounded region and, thus, estimate the 

fields radiated by the device under analysis in free space, an absorbing boundary 

condition (ABC) must be introduced at the outer lattice boundary to simulate the 

extension of the lattice to infinity. An approach to realize the ABC is to terminate 
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the outer boundary of the space lattice in an absorbing material medium. Ideally, 

the absorbing medium is only a few lattice cells thick , reflectionless to all impinging 

waves over their full frequency spectrum, highly absorbing, and effective in the 

near field of a source or a scatterer. In developed platform, this is accomplished 

with a PML, as first described by Berenger in [19]. 

113 



CHAPTER 6 

Conclusions and Future Work 

In this thesis, we aimed at establishing the theoretical and experimental foundations 

of nanoscale communication networks at optical and THz-band frequencies. In 

Chapter 2, we have developed a unied mathematical framework to analyze the 

performance of plasmonic nano antennas in reception and transmission. Starting 

from the dynamic complex conductivity of the nano-antenna building components, 

we have formulat ed the dispersion equation for SPP waves in nano-wires and 

obtained the SPP wave propagation properties and nano-antenna fundamental 

resonance length by t aking into account also the impact of the nanowire caps. 

We have then analytically derived an expression for the plasmonic current in the 

nano-antenna when irradiated by an incident EM wave. In addition, we have 

derived the radiated fields in transmission as well as the overall radiation efficiency. 

The analytical models have been then validated by means of FDFD simulations 

with COMSOL Multi-physics. The agreement between analytical and FDFD data 

allows us to verify aspects of the model such as far-eld as well as near-eld properties 

of the antennas , resonances, reception and emission patterns. We have analytically 

and numerically shown that the SPP wave confinement factor plays a key role in 
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the nano-antenna efficiency and bandwidth. 

In Chapter 3, we have numerically demonstrated a photodetector with an 

active volume in different size, using a bowtie antenna. A volume integration of 

E-field intensity of they-polarized light was calculated was performed in the active 

region to estimate photocurrent enhancement and a maximum E-field and current 

efficiency at wavelengths of 560-590nm using FDFD calculations were performed 

for the near-field distribution of the detector at a wavelength of 560nm. The 

photodetector has a relatively wide bandwidth, and hence is potentially suitable 

for wavelength-division-multiplexing telecommunication applications . We have 

a lso shown an enhancement in the relative photocurrent in the detector due to 

the antenna resonance, providing an efficient way to improve the sensitivity of 

sub wavelength semiconductor photodetectors. With a junction area of 24nm X 

80nm, the detector capacitance is estimated to be as small as 0:006fF and the 

cutoff frequency was estimated to be over 8.5 THz, which illustrates a high-speed 

operation. 

In light of the channel modeling in Chapter 4, on-chip wireless optical com

munication among cores has been proposed as a mechanism to enable high-speed, 

multicast and broadcast links for control signaling and data sharing in WNoC. In 

this chapter, the first steps towards assessing the feasibility of this new communica

tion and networking paradigm have been taken. In particular, we have developed 

the first multi-path channel model for wireless optical communication on-chip , 

by taking into account the spreading and absorption in silicon for line-of-sight 

propagation and, in addition, the reflection at the layer interfaces and diffraction at 

the cores? edges for non-line-of-sight propagation. The developed model has been 

validated in a specific on-chip scenario by means of electromagnetic simulations , 

and path-loss numerical calculations have been developed to analyze the feasibility 

of this technology. The results show that optical wireless links on chip for up to 

several millimeter distances are possible, in part thanks to the reflected rays . Then 
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time-domain analysis of the channel and the study of delay spread and coherence 

bandwidth, prior to the development of tailored physical layer solutions. 

Finally in Chapter 5, we have analytically and numerically investigat ed the 

performance of an on-chip HEMT THz transmitter based on the DS inst ability. 

We found conditions of instability and its dependence on the various parameters 

in the realistic finite size HEMT semiconductor structures with metal source, 

drain, and gate contacts . We also analyzed numerically the HEMT transmitter 

performance in a steady radiating state and found the EM field distribution and 

the radiat ed power in different regimes. Our study shows that finite non-ideal 

drain-gate and source-gate impedances can reduce the strength and even entirely 

suppress the DS instability when the difference between their values and the ideal 

ones increases . Similarly, the radiat ed EM power also decreases under non-ideal 

boundary conditions. These results high light the need to precisely engineer the 

source and drain impedances in order to enable the DS instability-based on-chip 

THz source and are important for its experimental realization. The developed 

numerical multi-physics simulation platform allows for self-consistent solution of 

the hydrodynamic model equations and Maxwell 's equations in an air-enclosed 

HEMT-type structure and can be easily extended to simulate different electronic, 

plasmonic and electromagnetic devices and structures. 
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