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”Where the world ceases to be the scene of our personal hopes and wishes, where we

face it as free beings admiring, asking, and observing, there we enter the realm of Art

and Science. If what is seen and experienced is portrayed in the language of logic, we

are engaged in science. If it is communicated through forms whose connections are not

accessible to the conscious mind but are recognized intuitively as meaninful, then we are

engaged in art. Common to both is the loving devotion to that which transcends personal

concerns and volition.”

Albert Einstein, quoted in German magazine Dukas and Hoffmann, the Human Side, p.37

(1921)
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Abstract

Enhancing the process of converting light into electricity, and vice versa, within materials

is a fundamental goal within the domain of optoelectronics. This crucial physical pro-

cess underpins various technologies, including solar cells, light emitting diodes (LEDs),

ultrafast optical communication systems etc. As conventional materials reach their per-

formance limits, there is a growing demand for optoelectronic platforms, that offer novel

properties in terms of efficiency, speed and wavelength range. The spotlight has recently

shifted towards two-dimensional (2D) layered materials, such as single-layer graphene

(SLG) and transition metal dichalcogenides (TMDs), as prime candidates in photonic and

optoelectronic applications. These one-atom-thick materials have garnered significant at-

tention, owing to their exceptional electrical and optical properties, which differ from

their bulk counterparts. Since the ground-breaking isolation of graphene in 2004, the

list of 2D materials has expanded, including a diverse array of crystals with complemen-

tary properties. Gathering these 2D building blocks into vertical heterostructures opens

up the possibility for designing artificial atomic-layer materials. These resulting van der

Waals heterostructures (vdWH), besides combining the properties of their constituent lay-

ers, serve as an interesting domain for exploring photophysical effects and implementing

innovative light emitting diode schemes.

The goal of this thesis is to explore 2D material-light interactions and the optoelec-

tronic behavior of devices based on graphene, other 2D materials and/or their heterostruc-

tures. Our aim is to comprehend the physical processes dictating Surface Enhanced Ra-

man Scattering (SERS) in graphene, as well as the mechanisms governing light emis-

sion and manipulation, thereby facilitating the design of enhanced-performance plasmonic

substrates, optical modulators, ultrafast pulse-shapers and LEDs, respectively. Utilizing

computational methods and convenient analytical approaches, we explore various device

configurations to showcase the potential and competitiveness of graphene and TMDs in

optoelectronic devices.

For selective optical frequencies within the visible spectrum, we integrate graphene

onto 3D plasmonic nanostructured silicon substrates. The conformation of SLG to metal-

lic nanoparticle (NP)-decorated silicon nanopillars allows for the sampling of near-fields,

from an increased number of NPs. Additionally, the synergistic effects of NP-Si nanopil-

lars result in a non-local broadband SERS enhancement, reaching up to three orders of

magnitude. Our theoretical results agree with corresponding experimental measurements.

Exploring light manipulation with graphene in the near-infrared (NIR), we design a free-

space optical modulator, operating in reflection mode, which combines graphene’s electro-

absorption tunability with dielectric Bragg nanocavity effects. By optimizing device’s ar-

chitecture, following practical considerations, we demonstrate the feasibility of achieving

deep amplitude modulation (30 dB) at gigahertz (GHz) modulation frequencies, regard-

less of graphene quality. Moreover, this graphene-based device serves as a highly sensitive

acousto-absorption modulator. In the same frequency range, we model graphene within
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a dielectric Bragg nanocavity, when pumped by a single ultrafast pulse. The saturable

absorption of graphene under high power induces pulse modulation in amplitude, dura-

tion and, even, shape, resulting in a more than one peak output pulse. Furthermore, this

pulse-shaping device can be utilized as a highly sensitive diagnostic tool for identifying

intrinsic graphene processes, manifested by its relaxation times. By employing specific

TMD emitters, such as WS2 or WSe2, within a graphene/hBN/TMD heterostructure, we

design a nanoscale cavity-enhanced LED device for emission into free-space. This de-

sign leverages high quality factor (Q) nanocavity effects, to boost the external quantum

efficiency (EQE) of LED. This enhancement results from a critical combination of high

Purcell enhancement and low cavity losses. Similarly, in the context of an integrated de-

vice, designing an antenna-enhanced TMD-based LED on top of a dielectric single-mode

silicon nitride (SiN) waveguide, we investigate the enhanced local fields, resulting from

the presence of the plasmonic antenna. These fields overlap with SiN waveguide, effec-

tively enhancing the final guided light. This enhancement arises from the critical interplay

between plasmonically enhanced Purcell and notably high waveguide coupling efficien-

cies. Moreover, these innovative designs are not limited to a specific wavelength range.

They can be extended across the entire visible-IR spectrum, by appropriately choosing

the materials and scaling their dimensions. This versatility allows for the design and op-

timization of realistic optoelectronic devices.

In summary, this study significantly contributes to advancing our understanding of

how graphene and other 2D materials, such as TMDs, interact with light. It achieves this by

offering a comprehensive exploration of their optical-electronic properties and suggesting

optimized designs for novel devices. The theoretical insights developed in this thesis

establish a groundwork for further improvements in optoelectronic technology, based on

graphene and TMDs.



Περίληψη

Η βελτίωση της διαδικασίας μετατροπής του φωτός σε ηλεκτρισμό, όπως και το αντίστρο-

φο, μέσω κατάλληλων υλικών, αποτελεί θεμελιώδη στόχο για τον τομέα της οπτοηλεκτρο-

νικής. Αυτή η θεμελιώδης φυσική διαδικασία είναι κρίσιμη για διάφορες τεχνολογίες,

συμπεριλαμβανομένων των ηλιακών κυττάρων (solar cells), των διόδων εκπομπής φωτός

(LEDs), των συστημάτων υπεργρήγορης οπτικής επικοινωνίας (ultrafast communication

systems) κλπ. Καθώς τα συμβατικά υλικά φτάνουν τα όρια απόδοσής τους, υπάρχει αυ-

ξανόμενη ζήτηση για οπτοηλεκτρονικές πλατφόρμες, που προσφέρουν νέες δυνατότητες

όσον αφορά την απόδοση, την ταχύτητα και το εύρος των συχνοτήτων. Πρόσφατα, το

ενδιαφέρον έχει μετακινηθεί σε δισδιάστατα (2D) στρώματα υλικών, όπως το μονοστρω-

ματικό γραφένιο (SLG) και τα διχαλκογενίδια μετάλλων μετάβασης (TMDs), ως υποψή-

φια για φωτονικές και οπτοηλεκτρονικές εφαρμογές. Τα υλικά αυτά, πάχους ενός ατόμου,

έχουν προσελκύσει το ενδιαφέρον, λόγω των εξαιρετικών ηλεκτρικών και οπτικών τους ι-

διοτήτων, οι οποίες διαφέρουν από αυτές των πολυστρωματικών συγγενικών τους υλικών.

Από την πρώτη καινοτόμα απομόνωση του γραφενίου το 2004, η λίστα των 2D υλικών

έχει επεκταθεί σημαντικά, περιλαμβάνοντας πληθώρα κρυστάλλων με συμπληρωματικές

ιδιότητες. Η συγκέντρωση αυτών των 2D υλικών, ως δομικά στοιχεία, σε κατακόρυφες

ετεροδομές ανοίγει τον δρόμο για τον σχεδιασμό τεχνητών (artificial) υλικών ατομικού

πάχους. Οι van der Waals ετεροδομές (vdWH) που δημιουργούνται, εκτός από το να

συνδυάζουν τις ιδιότητες των στρωμάτων τους, ανοίγουν και ένα ενδιαφέρον πεδίο για

τη μελέτη φωτοφυσικών φαινομένων και την υλοποίηση καινοτόμων διατάξεων διόδων

εκπομπής φωτός.

Στόχος αυτής της διατριβής είναι η εξερεύνηση των αλληλεπιδράσεων των 2D υλικών

με το φως, καθώς και της συμπεριφοράς τους σε οπτοηλεκτρονικές διατάξεις, που βασί-

ζονται σε γραφένιο, άλλα 2D υλικά και/ή τις ετεροδομές τους. Σκοπός μας είναι να κα-

τανοηθούν οι φυσικές διαδικασίες που καθορίζουν την επιφανειακή ενισχυμένη σκέδαση

Raman (SERS) στο γραφένιο, καθώς και οι μηχανισμοί, που ελέγχουν τη εκπομπή και τον

έλεγχο του φωτός, διευκολύνοντας έτσι τον σχεδιασμό υψηλής απόδοσης πλασμονικών

υποστρωμάτων, οπτικών διαμορφωτών, υπεργρήγορων διαμορφωτών παλμικού σχήμα-

τος και διόδων εκπομπής φωτός, αντιστοίχως. Χρησιμοποιώντας τις κατάλληλες υπο-

λογιστικές μεθόδους και αναλυτικές προσεγγίσεις, εξετάζουμε ποικίλες διαμορφωμένες

διατάξεις, για να αναδείξουμε τις δυνατότητες και την ανταγωνιστικότητα του γραφενίου

και των TMDs όταν χρησιμοποιούνται σε οπτοηλεκτρονικές συσκευές.

Για επιλεγμένες οπτικές συχνότητες εντός του ορατού φάσματος, ενσωματώνουμε το

γραφένιο σε τρισδιάστατα πλασμονικά νανοδομημένα υποστρώματα πυριτίου. Η διαμόρ-

φωση του SLG σε υβριδικές δομές μεταλλικών νανοσωματίδιων (NPs) επάνω σε νανοστή-

λες πυριτίου, επιτρέπει την ενίσχυση SERS εξαιτίας των κοντινών πεδίων από ένα αυξημέ-

νο αριθμό NPs. Επιπλέον, οι συνεργατικές επιδράσεις NP-νανοστηλών πυριτίου οδηγούν

σε μη τοπική ευρυζωνική ενίσχυση SERS, που φτάνει μέχρι και τρεις τάξεις μεγέθους. Τα

θεωρητικά μας αποτελέσματα συμφωνούν με αντίστοιχες πειραματικες μετρήσεις. Εξε-
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τάζοντας τον έλεγχο του φωτός με γραφένιο στο εγγύς υπέρυθρο (NIR), σχεδιάζουμε έναν

οπτικό διαμορφωτή για εκπομπή στον ελεύθερο χώρο, που εκμεταλλεύεται το μέγεθος της

οπτικής αντανάκλασης και συνδυάζει την μετατοπίσιμη ηλεκτρο-απορρόφηση του γρα-

φενίου με τα φαινόμενα που προκύπτουν μέσα σε μια διηλεκτρική Bragg νανοκοιλότητα.

Βελτιώνοντας την αρχιτεκτονική της διάταξης, λαμβάνοντας υπόψη πρακτικές μεθόδους,

αναδεικνύουμε την δυνατότητα επίτευξης υψηλού πλάτους διαμόρφωσης (30 dB) σε συ-

χνότητες διαμόρφωσης της τάξης των gigahertz (GHz), ανεξαρτήτως της ποιότητας του

γραφενίου. Επιπλέον, αυτή η διάταξη γραφενίου λειτουργεί και ως ένας υπερευαίσθητος

ακουστο-απορροφητικός διαμορφωτής. Στον ίδιο εύρος συχνοτήτων, μοντελοποιούμε τη

διάταξη γραφενίου μέσα σε διηλεκτρική Bragg νανοκοιλότητα, υπό την επίδραση ενός

υπεργρήγορου (ultrafast) παλμού. Η κορέσιμη απορρόφηση του γραφενίου, υπό υψη-

λής έντασης παλμό, προκαλεί διαμόρφωση του πλάτους, της διάρκειας, καθώς και του

σχήματος του παλμού, με αποτέλεσμα τη δημιουργία ενός εξερχόμενου παλμού με πε-

ρισσότερες από μία κορυφές. Επιπλέον, αυτή η διάταξη διαμόρφωσης παλμού μπορεί

να χρησιμοποιηθεί ως ένα υπερευαίσθητο διαγνωστικό εργαλείο για τον εντοπισμό των

εγγενών διεργασιών του γραφενίου, που εκφράζονται μέσω των χρόνων χαλάρωσής του.

Χρησιμοποιώντας συγκεκριμένους TMD εκπομπείς, όπως το WS2 ή το WSe2, εντός μί-

ας κάθετης ετεροδομής γραφενίου/hBN/TMD, σχεδιάζουμε μια ενισχυμένη διάταξη LED

σε νανοκοιλότητα για εκπομπή φωτός στο ελεύθερο χώρο. Η διάταξη αυτή εκμεταλλεύε-

ται το φαινόμενο του συντονισμού μέσα σε νανοκοιλότητα υψηλού παράγοντα ποιότητας

(Q), για να ενισχύσει την εξωτερική κβαντική απόδοση (EQE) του LED. Η ενίσχυση αυτή

προκύπτει από τον κατάλληλο συνδυασμό της ενίσχυσης Purcell με τις χαμηλές απώλειες

της κοιλότητας. Επιπλέον, στο πλαίσιο μιας ολοκληρωμένης διάταξης, σχεδιάζοντας ε-

νισχυμένης απόδοσης LED, βασισμένο σε TMDs, όταν έρχεται σε επαφή με νανοκεραία

και τοποθετείται επάνω σε διηλεκτρικό μονοτροπικό κυματοδηγό νιτριδίου του πυριτίου

(SiN WG), ερευνούμε τα ενισχυμένα τοπικά πεδία, που προκύπτουν από την παρουσία της

πλασμονικής κεραίας. Τα πεδία που δημιουργούνται επικαλύπτονται με τον κυματοδηγό,

ενισχύοντας αποτελεσματικά το τελικό καθοδηγούμενο φως. Η ενίσχυση αυτή προκύ-

πτει από τον κατάλληλο συνδυασμό της πλασμονικώς ενισχυμένης απόδοσης Purcell και

της αξιοσημείωτης απόδοσης σύζευξης μέσα στον κυματοδηγό (WG coupling). Επιπλέ-

ον, αυτές οι καινοτόμες διατάξεις δεν περιορίζονται σε συγκεκριμένο φασματικό εύρος

συχνοτήτων. Μπορούν να επεκταθούν σε ολόκληρο το ορατό-υπέρυθρο φάσμα, επιλέγο-

ντας τα κατάλληλα υλικά και προσδιορίζοντας την κλίμακα των διαστάσεων τους. Αυτή η

ευελιξία επιτρέπει τον σχεδιασμό και τη βελτιστοποίηση ρεαλιστικών οπτοηλεκτρονικών

διατάξεων.

Συνοπτικά, η μελέτη που ακολουθεί συνεισφέρει σημαντικά στην προώθηση της κα-

τανόησης μας σχετικά με το πώς το γραφένιο και άλλα 2D υλικά, όπως τα TMDs, αλληλε-

πιδρούν με το φως. Αυτό επιτυγχάνεται μέσω μιας σφαιρικής εξερεύνησης των οπτικών-

ηλεκτρονικών τους ιδιοτήτων και προτείνοντας βελτιστοποιημένες και καινοτόμες διατά-

ξεις. Η θεωρητική μελέτη που αναπτύχθηκε σε αυτήν τη διατριβή θεμελιώνει τις βάσεις

για περαιτέρω βελτιώσεις στην οπτοηλεκτρονική τεχνολογία που βασίζεται στο γραφένιο

και τα TMDs.
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Chapter 1

Introduction

1.1 Motivation

1.1.1 Graphene and other 2D materials

Recently, two-dimensional (2D) materials have proved as a promising platform for novel

heterostructures, that overcome the limitations of conventional materials. These atom-

ically thin materials, due to their promising optical, electrical and mechanical proper-

ties, have captured a lot of attention in multiple scientific fields, from optoelectronics

to biomedical. The isolation of graphene in 2004 [1] and the following discovery of other

2D materials in 2005 [2], created a significant interest in these materials [3]. In their bulk

form, they consist of atoms connected with strong in-plane covalent bonds, while indi-

vidual layers are weakly bound to neighboring layers through van der Waals interactions.

The weak interaction between layers facilitates the mechanical exfoliation of individual

layers from the bulk materials. The simplicity of this isolation method (known as the

”scotch-tape method”) leads to the recent extensive research that reveals the unique prop-

erties of these materials. In case of graphene, these properties include, among others, high

electronic mobility [4, 5], mechanical flexibility [6] and high thermal conductivity [7].

After years of studies focused exclusively on Single-Layer Graphene (SLG), the re-

search spotlight moved to a broader array of 2D materials. Notably, hexagonal Boron

Nitride (hBN) and Transition Metal Dichalcogenides (TMDs) captivate the interest for

novel studies. These crystals exhibit a wide range of properties, that complement the in-

trinsic properties of gapless SLG. For instance, hBN stands out as a transparent insulator

[8, 9], while TMDs, such as WSe2, are semiconductors with bandgaps within the near-

infrared (near-IR) to visible region (Figure 1.1). Furthermore, owing to the significant

changes in their electronic band structures, 2D materials display different properties com-

pared to their bulk equivalents. Notably, TMDs exhibit an indirect bandgap in their bulk

form, while displaying a direct bandgap in the monolayer limit [10, 11]. There is a wide

range of promising 2D materials including new additions, such as anisotropic semiconduc-

tors (black phosphorus) [12, 13], superconductors (NbSe2) [14], topological semi-metals

(WTe2 or MoTe2) [15–17], ferromagnets (CrL3) [18] etc.

1
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Figure 1.1: Schematics of the electromagnetic spectrum from ultraviolet to far-infrared,

with distinct regions labelled as FIR (far-infrared), MIR (mid-infrared) and NIR (near-

infrared). Below the photon energy spectrum, the atomic structures of graphene, TMD

(e.g. WSe2) and hBN are depicted, along with their bandgap EG and their respective ab-

sorption range (eV). At the bottom, a schematic of a vertical van der Waals Heterostructure

(vdWH) is shown.

1.1.2 Optoelectronic applications

The field of optoelectronics [19] involves the investigation of electronic devices designed

to detect and manipulate light. The efficiency of optoelectronic devices is inherently linked

to the materials used in their fabrication. Currently, the materials mostly used in optoelec-

tronics are GaN, GaAs and their alloys with In, Al, P, etc. However, these bulk inorganic

materials face some noteworthy limitations, such as the limited spectral response, the need

for special heteroepitaxy methods, their inadequacy for integration in flexible devices or

on Si and SiN photonics [20, 21] (metal-oxide-semiconductor (CMOS) fabrication pro-

cesses [22, 23]), etc. Therefore, it becomes evident that current material platforms are

unable to manage with all the requirements for the development of next-generation opto-

electronics.

On account of this, the growing potential of 2D materials, such as SLG and TMDs,

along with their heterostructures, for photonic and optoelectronic applications, has become

apparent [24–30]. A wide range of 2D material-based optoelectronic devices has been suc-
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cessfully demonstrated, including optical modulators [31], photodetectors [32, 33], Light-

Emitting Diodes (LEDs) [34], plasmonic devices [35], etc. The rise in research related to

these devices, has been motivated by their prospects in terms of efficiency, speed, wave-

length range and mechanical flexibility. Certainly, 2D materials (particularly SLG and

TMDs) are efficient materials for several optoelectronic applications. Gapless graphene

demonstrates a broadband optical response [36] (Figure 1.1), characterized by ultrafast dy-

namics [37]. This makes it promising for applications that demand ultrafast speed [38, 39].

On the other hand, TMD semiconductors exhibit strong light-exciton interactions [11, 40],

presenting advantages in case of enhanced light emission applications [41]. The combina-

tion of these material properties within a van der Waals heterostructure is also a promising

approach for multi-operational and high-performance optoelectronic devices.

1.2 Scope of this thesis

The aim of this thesis is to computationally and analytically investigate the enhanced 2D

material-light interactions, as well as to explore the application of graphene and TMD-

based heterostructures in optoelectronic devices. These devices include enhanced per-

formance plasmonic substrates, nanoscale optical modulators, optical sensors, ultrafast

pulse-shapers and 2D LEDs for both free-space and integrated emission, operating from

visible to NIR frequency range.

To achieve this, we have to address the key issues related to 2D material-light inter-

action principles and the operation of these optoelectronic devices. Initially, we focus on

the optical, electronic and thermal properties of graphene, along with other 2D materials,

such as hBN, TMDs and their heterostructures. We, moreover, explore the fundamentals of

plasmonics, photonics and dipole emission in order to support a thoughtful analysis of our

numerical results. Furthermore, our aim is to simulate the photo-response of 2D materials

within proposed optoelectronic device configurations, proving that they can overcome the

limitations of conventional material devices, in terms of efficiency and speed. We describe

the computational, analytical and post-analysis methods used throughout this thesis to cal-

culate the optical performance of graphene- and TMD-based devices. Our study enables

the representation of experimental optical devices, serving as a link between fundamental

physics and practical device engineering.

Investigating enhanced graphene-light interactions, we integrate graphene onto 3D

plasmonic nanostructured silicon substrates, in order to plasmonically enhance the broad-

band Surface Enhanced Raman Scattering (SERS) in graphene. Additionally, exploring

light manipulation with graphene in the NIR, we design an efficient free-space optical

modulator, which combines graphene’s electro-absorption tunability with dielectric Bragg

nanocavity effects, and can also be used as a sensitive acousto-absorption modulator.

Modeling the same device under incident high power pulse, we exploit the tunable sat-

urable absorption, ultra-fast carrier dynamics and slow cooling processes of graphene and

manage to manipulate light in amplitude, duration and, even, shape, converting the device

to an ultrafast pulse-shaper. This device can be easily used as a diagnostic tool for identi-

fying the intrinsic physical processes in graphene, as well. Furthermore, we aim at cavity-

and antenna- enhancing the external quantum efficiency (EQE) of a graphene/hBN/TMD

heterostructure LED device for emission in free-space and into a single-mode SiN waveg-

uide, respectively.

It is noteworthy that the methodologies developed and the final conclusions obtained

from this thesis extend beyond the proposed devices, offering applicability to alternative
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configurations, consisting of various combinations of 2D materials, that are not limited

to a specific wavelength range. This versatility allows for the design and optimization of

realistic optoelectronic devices.

1.3 Thesis layout

This thesis is organized as follows:

• Chapter 2 provides insight into the extraordinary optoelectronic properties of 2D

materials, such as monolayer graphene, TMDs and hBN, and their heterostructures,

focusing on the photocarrier dynamics. The basic concepts outlined in this chapter

are used in the thesis to study graphene and TMD-based optoelectronic devices.

• Chapter 3 presents the fundamentals of light-matter interactions studied in the the-

sis. The plasmonic response of metals, i.e. SPPs at planar interfaces and LSPs

in metallic NPs, and photonics, encompassing structures such as photonic crystals

and dielectric waveguides, are comprehensively reviewed. Furthermore, this chap-

ter provides an insightful exploration of dipole emission, describing the emission

dynamics of 2D TMDs.

• In chapter 4 both computational and analytical methods, that are used throughout

this thesis, are described. The analytical TM Method, along with the computational

methods FDTD and FDE, determining the optical response of the studied devices,

are thoroughly presented.

• Chapter 5 explores graphene-light interaction, when integrating it with 3D plas-

monic nanostructured silicon substrates. Our computational results, complemented

by experimental measurements, show that the conformation of SLG to metallic NP-

decorated silicon nanopillars, enables graphene to sample near-fields from an in-

creased number of NPs. In addition, due to NP-Si nanopillar synergistic effects,

there is a non-local broad-band SERS enhancement, reaching up to three orders of

magnitude. The study, presented in this chapter, is published in cooperation with

respective experiments in Reference [42].

• Chapter 6 is divided into two distinct graphene applications. In the first application,

the use of graphene for optical linear constant wave (CW) modulation is explored,

while in the latter graphene is introduced as an effective material for achieving non-

linear ultrafast pulse-shaping. Graphene is integrated with an asymmetric Fabry-

Perot nanocavity, in order to be used, both in a free-space NIR electro-optic mod-

ulator and an ultrafast pulse-shaper. Focusing on optical modulation, our findings

show that high performance and fast modulation can be achieved, independently of

graphene quality. Furthermore, this device can be transformed into a highly sensi-

tive acousto-absorption modulator. In the latter main exploration, graphene is re-

vealed as a tunable saturable absorber, that can be a versatile tool for the modulation

of pulse’s amplitude, time duration and, even, shape, giving rise to more than one

pulse peaks. Additionally, this pulse-shaper can be used as a sensitive diagnostic

tool for the identification of intrinsic graphene processes. The optical modulation

results, performed by Doukas et al., were published in Reference [43], while the

publication related to ultrafast pulse-shaping with graphene is under submission.
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• Chapter 7 constitutes a thorough examination of LEDs based on TMDs, driven by

their potential for high efficiency and speed, extending up to the GHz range. Our

focus encompasses both free-space and integrated photonic devices, highlighting

their versatile applicability. Within this study, we explore a vertical LMH, com-

prising TMD, hBN, and graphene monolayers. Notably, our investigation reveals

an interesting enhancement in WS2-based LED emission, when affected by a pho-

tonic cavity, resulting in enhanced radiation for free-space applications. In addition,

when an WSe2-based LMH is positioned on top of a dielectric waveguide, antenna-

coupling effects come into play, enhancing integrated LED emission. Our findings

indicate that the combination of Purcell effects with light coupling (or free-space

extraction of light), leads to a significant enhancement in waveguide (or external)

efficiency, achieving a higher LED speed, as well. The part of our study, focusing

on cavity-enhanced free-space TMD-based LEDs, has been published in Reference

[44], while our ongoing computational work for antenna-enhanced integrated TMD-

based LEDs is in progress for publication.

• Finally, in the Conclusion Chapter 8, a summary of the main achievements of this

thesis is presented, along with a discussion on the potential of graphene and other

2D materials for future effective and ultrafast optoelectronic applications.

Figure 1.2: Schematics of the main 2D material systems studied in this thesis. The de-

vices are arranged according to their photo-active material (graphene or TMD) and their

application. The chapter in which each device is studied is indicated above.
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Chapter 2

Properties of 2D Materials and

heterostructures

This chapter provides a comprehensive examination of 2D material properties, such as

monolayer graphene (SLG), transition metal dichalcogenides (TMDs), hexagonal boron

nitride (h-BN) and their heterostructures. It includes a thorough exploration of graphene’s

electronic, optical, and thermal properties, as well as an analysis of optoelectronic char-

acteristics of TMDs and Van der Waals heterostructures in vertical and horizontal hetero-

junction, respectively.

2.1 Properties of Graphene

2.1.1 Electronic Structure of Graphene

Graphene is a monolayer of sp2-hybridized carbon atoms organized in a two-dimensional

hexagonal lattice, featuring a nearest-neighbor distance of 1.42 Å (see Figure 2.1). Each

atom has an in-plane σ bond with its three closest neighbors, and the remaining valence

electron contributes to a delocalized, out-of-plane π-bond. These bonding interactions

result in the formation of the valence π-band and conduction π∗-bands, playing a pivotal

role in the extraordinary electronic properties exhibited by graphene.

In 1947, Wallace demonstrated that the band structure of graphene could be obtained

[1], by partitioning its honeycomb structure into two triangular sublattices (A and B in

Figure 2.1(a)). Using the tight-binding approximation, the band structure of graphene

could be accurately described. Graphene’s band structure, illustrated in Figure 2.1(b),

displays the relation between energy and momentum of electrons, exhibiting distinctive

features at K and K’ points of the Brillouin zone. These points, commonly known as Dirac

points, signify the convergence of the conduction and valence bands, classifying graphene

as a zero-band gap semi-metal.

10
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Figure 2.1: Structural and electronic properties of graphene. (a) The hexagonal lattice of

graphene with the elementary cell (transparent grey area) containing two carbon atoms (a1
and a2 the lattice vectors), which belong to sublattices A (green) and B (red), respectively.

Each atom in sublattice A has three nearest neighbours in sublattice B, and vice-versa.

(b) The band structure of graphene. Energy dispersion for, both, the valence π-band and

conduction π∗-band, calculated using the tight-binding approximation [2]. Brillouin zone

and the high symmetry points K, K’ are shown. The right inset is a scaling up close to one

of the Dirac points, the Dirac cone with linear dispersion.

Near the Dirac points, valence and conduction bands form a conical structure (shown

in the inset of Figure 2.1(b)), effectively characterized by the linear dispersion relation

E(k) = ±}vF |k| (2.1)

where } is the reduced Planck constant, vF ' c/300 ' 106m/s is graphene’s Fermi veloc-

ity and k is the wave vector measured from the Dirac point. Remarkably, this corresponds

to the spectrum of the Dirac-like Hamiltonian for massless Dirac fermions with a veloc-

ity vF [3–5]. In the opposite side, charge carriers in bilayer graphene and conventional

semiconductors are described by a non relativistic, parabolic dispersions.

This linear dispersion of graphene results to a density of states υ(E) proportional to

energy, which follows the expression

υ(E) =
gsgv

2π(}vF )2
|E| (2.2)

where valley and spin degeneracies are gv = 2 and gs = 2, respectively. The charge

carrier density n(E) can be obtained by integrating υ(E) up to E as

n(E) =

∫ E

0

υ(E)dE =
E2

π(}vF )2
(2.3)

The Fermi energy EF,SLG, as a function of n(E), can be obtained by integrating υ(E) up

to EF,SLG. We get

EF,SLG = sgn(n)}vF
√

π|n| (2.4)

Therefore, the gapless nature of graphene’s dispersion results in continuously tuning the

carrier density, from electrons (positive n) to holes (negative n) or in the opposite way, by

varying EF,SLG (see Figure 2.2).



CHAPTER 2. PROPERTIES OF 2D MATERIALS AND HETEROSTRUCTURES 12

2.1.2 Graphene doping via electrostatic gating

A convenient way to modulate the charge carrier density in graphene, and other 2D mate-

rials as well, is by applying a voltage between graphene and a metallic gate, separated by

an insulator. This electrostatic effect, known as field effect, is often used to induce charge

density change ∆n in SLG. As an example, the electrical conductance of graphene in-

creases with the number of electrons and holes, showing a minimum, when Fermi energy

is at the Dirac point,i.e. at the charge neutrality point.

Figure 2.2: Graphene conductance as a function of the charge carrier density n. The insets

correspond to Dirac cones with different doping levels (the blue region represents electron

density).

From the above diagram of Figure 2.2 it is interesting to notice that conductance never

totally diminishes, due to thermal effects and local variations in the Fermi level. For simple

geometries, ∆n can be analytically calculated by the capacitor model [6] as

∆n =
CGVG

q
=

ε0εrVG

ed
(2.5)

where CG is the gate capacitance, VG the voltage gate, ε0 the vacuum permittivity, d the in-

sulator thickness and e the electron charge. A conventional configuration for electrostatic

doping of graphene [5], where SiO2 is used as a backgate dielectric on top of Si substrate

is shown in the following Figure 2.3(a).
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Figure 2.3: Schematics of graphene electrostatic doping. (a) A conventional configura-

tion, with a SiO2 dielectric on top of a n-doped Si substrate is depicted. The top inset

illustrates the change in charge density across SLG, in response to the applied gate volt-

age VG, assuming the ideal case of pristine SLG, i.e. EF,SLG=0 at VG=0. (b) Conical

low-energy spectrum E(k), indicating changes in the position of the Fermi energy EF,SLG

with changing gate voltage VG. Positive (negative) VG induce electrons (holes) for field-

effect devices with a 300 nm SiO2 layer used as a dielectric [5].

Combining Eqs. 2.4 and 2.5, EF,SLG can be written as a function of VG

EF,SLG = }vF

√
πε0εrVG

ed
(2.6)

It is noteworthy that in the configuration of Figure 2.3(a) we assume an ideal pristine SLG,

where EF = 0 at VG = 0 [7–9]. Figure 2.3(b) shows the rapid decrease in resistivity

on adding charge carriers via VG, indicating their high mobility (i.e., in this case µ '
5000cm2V –1s–1).

2.1.3 Optical Properties of Graphene - Optical conductivity

The optical response of graphene is governed by its optical conductivity σSLG. This is

constituted of two components, one corresponding to intraband transitions and the other

to interband transitions as

σSLG(ω, µ, Te,SLG) = σintra,SLG(ω, µ, Te,SLG) + σinter,SLG(ω, µ, Te,SLG) (2.7)

These intra- and inter- terms can be described by the Kubo formula [10, 11] and written,

respectively, as

σintra,SLG =
ie2

π}2Ω

∫ ∞

0

ε[
∂fFD(−ε, µ, Te,SLG)

∂ε
− ∂fFD(ε, µ, Te,SLG)

∂ε
] dε (2.8)
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and

σinter,SLG =
ie2Ω

π}2

∫ ∞

0

[
fFD(−ε, µ, Te,SLG)− fFD(ε, µ, Te,SLG)

Ω2 − 4( e})
2

] dε (2.9)

whereΩ = ω+iτ−1
opt , τopt the free electron relaxation time, related to charge carrier mobility

in SLG, and fFD = 1/(e
ε−µ
kBT +1) the Fermi-Dirac distribution. In case of non-equilibrium

photoexcited carriers in graphene, this distribution is modified to f ∗
FD distribution, de-

scribed in subsection 6.2.2. The contribution of both intraband and interband processes

depends on graphene’s chemical potential µ, electronic temperature Te,SLG, and the pho-

ton energy }ω. When }ω ≤ 2|µ|, interband transitions are not allowed due to energy and

momentum conservation, given that the conduction band is already occupied [12]. This

limitation on interband conductivity is commonly known as Pauli blocking. Within the in-

traband domain, the conductivity is primarily affected by the intraband term of Equation

2.8. In the degenerate limit (i.e., when kBTe,SLG � |µ|), it is described by the following

Drude-like expression [13, 14]

σSLG =
ie2

π}2
µ

ω + iτ−1
opt

(2.10)

When }ω ≥ 2|µ|, Pauli blocking threshold is surpassed and interband transitions are

permitted governing graphene’s optical response [15]. Figure 2.4 illustrates the optical

conductivity spectrum of graphene in the cases of zero temperature Te,SLG (continuous

lines) and a finite temperature Te,SLG > 0 (dashed lines), assuming a scattering time τopt
= 200 fs. The conductivity is calculated based on Equation 2.7, for undoped graphene

(2EF,SLG=0 eV) (black line) and Fermi energy 2EF,SLG=0.4 eV (red line).
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Figure 2.4: The conductivity spectrum of graphene. The real part of the theoretical optical

conductivity of graphene normalized to the ”universal” conductance σ0 = ε2/4} is plotted

as a function of the photon wavelength (conversely proportional to the photon energy }ω).

The conductivity is calculated using Equation 2.7, for undoped graphene (2EF,SLG=0 eV)

(black line) and Fermi energy 2EF,SLG=0.4 eV (red line). We assume a zero graphene

temperature Te,SLG and a scattering time τopt = 200 fs. The dashed lines represent the

conductivity for a finite temperature Te,SLG=300 K. In the inset, the illustrated Dirac cones

show the two types of transition process. The interband transition process is allowed at

}ω > 2EF,SLG (marked with a green cross) [15], but prohibited at }ω < 2EF,SLG due to

Pauli blocking, where only intraband transitions (indicated by a curved purple arrow) are

permitted [12]. The spectral position of Pauli blocking can be tuned through the change

of electrostatic doping (as detailed in subsection 2.1.2), ranging from near-infrared (NIR)

for high EF,SLG to mid-wavelength infrared (MWIR) for low EF,SLG.

The real part of σSLG converges to the universal frequency-independent optical con-

ductivity σ0 =
e2

4} [16], characteristic for SLG Dirac fermions [17]. The spectral location

of this transition region can be conveniently tuned through electrostatic gating, while its

spectral extent is dictated by the temperature. For practical doping levels (EF,SLG=0.1-0.4

eV), this corresponds to the spectral range from near-infrared (NIR) for high EF,SLG to

mid-wavelength infrared (MWIR) for low EF,SLG. At an absolute temperature of Te,SLG=0

K, the conductivity exhibits a step-function profile. However, at finite temperatures Te,SLG,

it becomes broadened around }ω = 2|µ|, as illustrated in Figure 2.4.

2.1.4 Dielectric function and Light Absorption in Graphene

Graphene’s bandstructure, described in subsection 2.1.1, gives rise to its unique optical

properties and the variety of graphene-light interactions [14, 18, 19]. Specifically, its gap-

less energy dispersion results in an exceptionally broadband absorption spectrum, making

it a compelling material for optoelectronic applications.
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Once the optical conductivity is determined (see Eqs. 2.7-2.9), the dielectric function

of graphene is derived as follows [20, 21]

εSLG = ε∞,SLG +
iσSLG(ω, µ, Te,SLG)

ε0ωdSLG
(2.11)

where εSLG=5.7 is the frequency independent part of the dielectric function at high fre-

quencies [21], ε0 is the vaccum permittivity and dSLG=0.335 nm corresponds to the thick-

ness of SLG [22, 23]. Conclusively, the complex refractive index of graphene nSLG =
n+ iκ is given by

<εSLG = n2 − κ2,=εSLG = 2nκ (2.12)

The optical absorption of suspended graphene is determined by the real part of the optical

conductivity as

ASLG =
<σSLG

ε0c
(2.13)

where c is the speed of light. As mentioned in previous subsection for the optical conduc-

tivity, graphene absorption is governed by the two types of transition, the intraband and

the interband (see Figure 2.4) [14]. In intraband transition regime (}ω < 2EF,SLG), the

absorption is a result of the free-carrier response and can therefore be well described by the

Drude model, which takes into account the scattering time of free carriers, as extensively

described in subsection 3.1.1 [12, 24].



CHAPTER 2. PROPERTIES OF 2D MATERIALS AND HETEROSTRUCTURES 17

Figure 2.5: Optical absorption of graphene. (a) Image of an 50 mm aperture partially cov-

ered by monolayer and bilayer graphene, respectively, as captured by Nair et al [16]. The

transmitted white light, measured along the yellow line, reveals distinct steps of 2.3%,

aligning with theoretical predictions. (b) Experimental transmittance of a single-layer

graphene (open circles) in visible spectrum, measured by [16]. The theoretical transmit-

tance given by T = (1 − 0.5πα)−2 for 2D Dirac fermions is represented by the red line,

whereas the green curve incorporates nonlinearity and triangular warping in graphene’s

electronic spectrum. The shaded gray area indicates the standard error associated with

measurements. In the inset, the transmittance of white light is shown as a function of the

number of graphene layers, depicted by black squares. The dashed lines illustrate an in-

tensity reduction by the ”universal” absorbance value πα with each additional layer.

Beyond this energy threshold (}ω > 2EF,SLG), interband transitions become dom-

inant in the optical response. Notably, in the linear dispersion regime of graphene, the

theoretical interband absorption is independent of photon energy and specific material pa-

rameters of graphene (i.e. scattering time). It is entirely determined by universal constants

and expressed as A = e2

4ε0}c = πα = 2.3%, where α = e2

4πε0}c is the fine-structure con-

stant [16] (see Figure 2.5). This ”universal” absorbance is a consequence of graphene’s

2D nature and has been also observed in other 2D systems, such as InAs thin films [25].

In practical terms, the measured absorbance aligns well with πα for photon energies rang-

ing from approximately 0.5 to 2 eV (from MWIR to VIS) [16, 24], which corresponds

to the spectral region that is relevant for this thesis. However, deviations from the ”uni-

versal values” occur in the ultraviolet region as interband transitions move away from the

linear dispersion regime and approach the saddle-point singularity at the M point of the

Brillouin zone. Within this range, excitonic effects induce a notable Fano resonance (Van

Hove peak) at }ω=4.6 eV or λ0=270 nm [26] (see Figure 2.4).

The operational range of many applications falls within πα spectral region, prompting

a crucial question if an absorbance of 2.3% could be considered substantial or negligi-

ble. In reality, both perspectives can be justified. On one side, it’s undeniably notewor-

thy that a single atomic layer can absorb 2.3% of light, in comparison with silicon with

25 nm thickness of silicon (almost 50 atomic layers) required to achieve a comparable

absorbance in the visible spectrum. On the other side, the relatively small absolute ab-
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sorbance of monolayer graphene poses a significant challenge for numerous applications,

particularly photodetectors and solar cells that demand perfect absorption. To address

this concern, diverse approaches have been developed to enhance light-matter interactions

in SLG-based optoelectronic devices (some of them are described in Chapters 5 and 6).

These approaches include the utilization of plasmonics, integrated dielectric waveguides,

reflector microcavities and photonic crystals [19, 25, 27].

Finally, it is important to highlight that the presence of a substrate can significantly

influence the absorption spectrum of 2D materials, such as graphene. This influence arises

from the potential for multiple light reflections and interferences, as discussed in Chapters

5 and 6. Interestingly, this effect can be utilized to enhance the contrast of 2D materials

[28] and Surface-Enhanced Raman Spectroscopy (SERS) [29], making their identification

more straightforward, as detailed for graphene on top of 3D substrates in Chapter 5.

2.1.5 Surface-Enhanced Raman Scattering in Graphene

Raman spectroscopy serves as a valuable tool for rapidly, accurately, and reliably identify-

ing molecules [30]. However, a significant challenge arises from the relatively small cross-

section of common molecules and the weak Raman signal. The utilization of Surface-

Enhanced Raman Spectroscopy (SERS) [31, 32] addresses this limitation by significantly

enhancing the Raman fingerprints of molecules. This enhancement facilitates highly sen-

sitive detection, even down to the single molecule level [33, 34], while maintaining molec-

ular selectivity. Over the past decades, considerable studies have been dedicated to com-

prehending the origin of SERS effects and developing an improved SERS substrate, re-

sulting in continuing theoretical and experimental progress. However, despite these steps,

SERS has not been applied to a widespread of real-world applications. The main chal-

lenge stems from the difficulty of achieving a quantitative understanding of the SERS

mechanism and develope a convenient SERS method that can fulfill the following criteria

[35, 36], such as high SERS sensitivity, uniformity, high selectivity (clear SERS features),

rapid sample pretreatments and compatibility under various conditions.

In addition to the considerable theoretical and experimental interest in graphene’s

unique structure of electrons and phonons [5], monolayer graphene has also exhibited ex-

citing Raman scattering properties, that can be utilized in terms of SERS. Graphene plays

various roles in SERS, owing to its distinctive structural features and properties, such as

its unique electron and phonon structures, atomic uniformity, atomic thickness, biologi-

cal compatibility etc., which provide unique advantages for SERS. Figure 2.6 illustrates

a typical Raman spectrum obtained from graphene containing defects, measured using a

514.5 nm laser. Two distinct peaks, namely the G band (around 1585 cm−1) and the G′

band (approximately 2685 cm−1), sometimes referred to as the 2D band, represent intrinsic

vibrations of defect-free graphene. In cases where the Raman spectrum is obtained from

disordered graphene or its edges, additional peaks may become evident, such as around

1345 cm−1 (D band) and 1625 cm−1 (D′ band). The appearance of peaks at 1450 cm−1 (D2

band) and 1500 cm−1 (D3 band) has also been reported [37].
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Figure 2.6: Typical Raman spectrum of defect-containing graphene, showing the main Ra-

man features, the G, G′, D and D′ bands measured under laser excitation of 514.5 nm [38].

Inset: Illustrations of the first-order G-band scattering process in graphene (center-top),

the two-phonon second-order G′-band process (right) and D (left) and D’-bands (center-

bottom), for the intervalley and intravalley processes.

Raman spectroscopy stands out as a versatile tool to investigate the structure of graphene

and identify its properties. The Raman features of graphene itself can be interesting and

informative. Exploiting these Raman fingerprints allows us to determine the number of

graphene layers, investigate the nature of edges (including defects), and directly monitor

the degree of doping. For varying number of graphene layers (n), the 2D band exhibits

distinct characteristics in terms of shape, position, and intensity. Based on these varia-

tions, Ferrari et al. [39] proposed a method to accurately determine the number of layers

in few-layer graphene samples. As depicted in Figure 2.7, monolayer graphene exhibits a

G′ peak characterized by a singular Lorentzian feature. In contrast, the G′ peak of bilayer

graphene reveals a broad band comprising four components [38–40].
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Figure 2.7: Layer-dependent experimental G′ band (and fitted Lorentzians) of 1, 2, 3,

4-layer graphene and highly oriented pyrolytic graphite (HOPG), under 514.5 nm laser

excitation. The splitting of G′-band opens up in going from 1 to 3-layer graphene and

closes up in going from 4-LG to HOPG [38].

For a three-layer graphene, the G′ band necessitates the incorporation of additional

Lorentzians for fitting [38]. As the layer count (n) reaches five or more, the G′ band ex-

hibits similar features with graphite, making it challenging to differentiate between the

two. This observation can be explained by a double resonance mechanism, where the

electronic structure of graphene sheets varies with the layer count (n) [38, 39, 41]. Simul-

taneously, with the increase in n, the G band experiences a frequency downshift [37], and

its intensity demonstrates an almost linear trend across the range of 1–10 layers.

The effectiveness of graphene in numerous applications, such as photovoltaic and pho-

todetection devices, is highly dependent on its structure. As previously discussed, the

unique properties of graphene become apparent in its Raman spectrum. Therefore, there

is a notable interest in enhancing the Raman signal of graphene, by selecting the appro-

priate substrate, a key factor that affects Raman intensity [42].

2.1.6 Thermal Properties of Graphene - Photocarrier Dynamics

Absorption of photons in graphene through interband transitions results in the genera-

tion of photo-excited electron-hole pairs, commonly referred to as photocarriers. The

dynamic relaxation of energy in these photocarriers has been extensively explored in liter-

ature [43–49]. In this subsection, we provide an overview of the main relaxation processes,

as illustrated in Figure 2.8.

As previously discussed, photons with energy of }ω > 2EF are absorbed in graphene

through interband transitions. This leads to the creation of an electron-hole pair with re-
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spect to the Dirac point (Figure 2.8). Typically, photo-excited carriers can dissipate their

excess of energy either through thermalization, redistributing it among other carriers via

Coulomb interactions, or by emitting massless bosons, such as photons or phonons. Nu-

merous experiments have indicated that the dominant relaxation pathway is the thermal-

ization process, commonly referred to as the carrier heating, occurring within a few tens

of femtoseconds [43, 46, 49, 50].

Figure 2.8: SLG carrier distribution for EF,SLG=0.15 eV. (a) Before the photoexcitation at

Te,SLG=300 K, (b) immediately after illumination, assuming excitation with photon energy

}ω=0.4 eV, where the red peaks represent non-equilibrium photo-excited carriers, (c) after

the relaxation of hot carriers into a Fermi-Dirac distribution at an increased Te,SLG»300

K, (d) after electron-phonon relaxation process, cooled back to RT [51].

Figure 2.8 illustrates the increase in carrier temperature, resulting from pulsed photo-

excitation. Once the formation of non-equilibrium carrier distribution occurs (red peaks)

and attains equilibrium in approximately a few femtoseconds, carriers undergo a slow

(1-20 ps) electron-phonon relaxation process (with lattice and the surrounding medium),

before eventually cooling down to room temperature. Both experimental observations and

theoretical analysis indicate that carriers dissipate their excess heat through mechanisms,

such as optical phonon scattering [52–54] and disorder-assisted supercollisions [47, 55–

57].

The fast thermalization of carriers in graphene, occurring within tens of femtosec-

onds and their slow picosecond cooling, through interactions with phonon modes, enables

modeling of carrier temporal dynamics using a two-temperature approach [58, 59]. Here,

two distinct rate equations govern Te,SLG and Tl,SLG. When pumped with pulsed light

(time-dependent power density Pin(t)), these rate equations are written as

ce,SLGṪe,SLG = αSLGPin(t)− Je−ph (2.14)

for graphene’s electronic temperature Te,SLG and

cl,SLGṪl,SLG = Je−ph − ΓSLG−sub(Tl,SLG − Tsub) (2.15)

for graphene’s lattice temperature Tl,SLG. In Eqs. 2.14 and 2.15, ce,SLG(µ,Te,SLG,δnSLG)

is the electronic heat capacity of graphene, αSLG(Te,SLG,δnSLG) is SLG’s optical ab-

sorbance and Je,ph(µc,SLG,µv,SLG,Te,SLG,Tl,SLG)≡ Jop + Jsc the electron-phonon thermal
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current density, owing to optical phonons and disorder-assisted supercollision scattering

(see Appendix B.2). Moreover, cl,SLG is SLG’s lattice heat capacity, found to linearly

scale with lattice temperature Tl,SLG up to ∼600 K, following the linear parametrization

expression cl,SLG = −1.4× 10−5 + 1.9× 10−6Tl,SLG in Jm−2K−1) units, extracted from

experimental data [60]. The thermal energy, accumulated within the lattice of graphene,

disperses into the surrounding air (for free-standing graphene) or to a substrate (in case of

supported graphene) through a rate denoted as ΓSLG−sub. This rate depends on both Tl,SLG

and the temperature of substrate (Tsub). The values for ΓSLG−sub, in case of graphene

supported by a substrate, have been extensively investigated in various studies, typically

found within the range of 10 to 1000 MWm−2K−1[60, 61].
For a comprehensive and precise description of temperature dynamics, it is essential

to consider the non-equilibrium photoexcited carrier density δnSLG, particularly in case

of interband photoexcitation. The temporal change in δnSLG is determined through the

addition of a third rate equation [62]

˙δnSLG =
αinter,SLGPin(t)

}ω
− δnSLG

τe−e

(2.16)

where τe−e ∼ fs [50, 63] representing the time required for carriers to relax into a thermal

distribution through electron-electron scattering, }ω denotes the energy of exciting pho-

tons (assuming }ω > 2EF,SLG), and ainter,SLG signifies interband graphene’s absorption.

Given that the overall SLG is directly proportional to =εSLG (see Eqs. 2.11-2.13) (i.e., to

<σSLG), the interband optical absorption is given by

αinter,SLG = αSLG
<σinter,SLG

<(σinter,SLG + σintra,SLG)
(2.17)

The three coupled rate equations 2.14-2.16, can be used to obtain the temporal change of

graphene’s carrier dynamics, under the influence of a pulsed light source. When the pulse

duration exceeds all relevant timescales (i.e., τpulse» τe−e,τe−ph), or in case of continuous-

wave (CW) illumination, these rate equations can be solved using the quasi-CW approach

and determined by

δnSLG =
τe−eαinter,SLGPin

}ω
(2.18)

for non-equilibrium carrier density δnSLG (setting ˙δnSLG = 0),

Tl,SLG = Tsub + Γ−1
SLG−subJe−ph (2.19)

for lattice temperature Tl,SLG and

αSLGPin = Je−ph (2.20)

for electronic temperature Te,SLG, since both αSLG and Je−ph are Te,SLG dependent.

2.1.7 Graphene-based Optical Modulation

Optical modulators stand as crucial components within optoelectronic devices, serving to

manipulate the fundamental characteristics of an optical signal as it traverses through free

space or within an optical waveguide, under the effect of external electronic, photonic,

or alternative inputs [19, 64, 65]. Modulators, used for free-space operation, hold pivotal
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role in pulse-shaping applications [66, 67], free-space optical communication networks

[68–70], radar systems [71] etc., while they are promising to significantly contribute to

emerging 5 G and 6 G technologies [72, 73].

Graphene is a compelling material for the realization of optical modulators, owing to

its electrostatically tunable optical performance and ultrafast carrier dynamics, alongside

its compatibility with CMOS/Si technologies and broad-spectrum optical absorption ca-

pabilities. Therefore, considerable research efforts have been directed towards graphene-

based optical modulators [74–78], demonstrating competitive performances across near-

infrared (NIR), mid-infrared (midIR) or terahertz (THz) spectral ranges. Optical modula-

tors stand out in various categories, based on the specific light property they manipulate.

They can be classified into amplitude, phase, polarization, or wavelength modulators, de-

pending on the characteristic of light they modulate. Alternatively, optical modulators can

be categorized based on their operating principles, leading to distinctions such as optical

[78, 79], electro-optic [80, 81], magneto-optic [82], acousto-optic [83, 84], thermo-optic

[85] modulators, among others.

Furthermore, optical modulators can also be classified based on the optical property

of the material used for modulation, resulting in absorptive and refractive modulators.

Absorptive modulators operate varying the absorption coefficient (i.e., the imaginary part

of the refractive index). In case of graphene, this can be achieved by tuning the Fermi

level through electrostatic gating, using substrates such as optical resonant cavities [86]

(see section 6.1). In graphene, electro-absorption modulation is achieved through hot-

carrier-induced changes in optical conductivity, resulting from the absorption of an input

pulse [58, 87]. Finally, refractive modulators operate by varying the real part of the refrac-

tive index. This can be achieved through methods such as utilizing the Kerr effect [88],

thermally modulating the refractive index, or via electrostatic gating. The latter method,

known as electro-refractive modulation, is commonly applied in Mach-Zehnder interfer-

ometers within integrated schemes [65]. It is important to note that a modulator can induce

changes in multiple optical properties simultaneously. For instance, in a graphene-based

pulse-shaper (see section 6.2), varying the SLG Fermi level under high power affects both

the real and imaginary parts of the refractive index.
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Figure 2.9: Graphene-based optical modulators [19]: (a) Graphene-based electro-optical

modulator [89]. (b) Schematic of graphene plasmon modulator [90]. (c) Schematic of a

graphene-based ring resonator. (d) Graphene-based microdisk resonator.

The mechanisms mentioned above have been extensively employed in various studies

to develop graphene-based optical modulators across a broad spectrum, spanning from

visible [91] to IR [80, 81, 92], and up to THz spectral region [93, 94].

2.2 Properties of 2D TMDs

As discussed in section 2.1, graphene’s linear dispersion relation gives rise to distinctive

optical and electrical properties. However, its lack of a bandgap restricts its applicability

in cases where semiconductors are essential. The need for alternative 2D materials with a

bandgap has led to the identification of monolayer (group-VI) transition metal dichalco-

genides (TMDs), notably including MoS2, WS2, MoSe2, and WSe2. While TMDs in their

layered bulk form have been under research for decades [95–99], the investigation into

the properties of their single and few layers has occurred more recently [100, 101].

In the monolayer form, TMDs exhibit a direct bandgap in the visible to near-infrared

range [102, 103], making them suitable for various electrical and optoelectronic applica-

tions. Together with their relatively high mobility at room temperature (1-100 cm2/Vs)

[104], their bandgap makes them appealing as channel materials in logic transistors [4,

105, 106]. TMDs have also generated considerable interest due to their unique optical

properties [107, 108], governed, as discussed below, by strong light-exciton interactions.
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2.2.1 Electronic properties of TMDs

Transition metal dichalcogenides (TMDs) of group VI includes compounds with the MX2

formula, where M represents the transition metals VI (Mo, W) and X represents a chalco-

gen (S, Se). Each monolayer is composed of two planes of chalcogen atoms sandwiching

a plane of metal atoms, forming a trigonal prismatic structure [97] (see Figure 2.10(a)).

Possessing out-of-plane mirror symmetry and broken in-plane inversion symmetry [109],

unlike graphene, these monolayers stack in an ABAB sequence, constituting the 2H poly-

type in bulk structures. Figure 2.10(a) also shows the 2D Brillouin zone for atomically

thin TMDs.

Figure 2.10: Structural and electronic properties of TMDs: (a) Structure of a monolayer

TMD. The elementary cell (black rhombus) is composed of a transition metal atom (blue)

and two chalcogen atoms (orange) [110]. The 2D Brillouin zone for atomically thin TMDs

is also shown in the inset. (b) Schematics of the electronic bands (i.e., W compounds)

emerge around the K and K’ points, due to spin-splitting caused by spin–orbit interac-

tions. The spin (up and down arrows) and valley degrees of freedom (K and K’) are

interconnected. The azimuthal quantum number (m) is indicated for each band, and the

valley-dependent optical selection rules are illustrated [108].

In bulk TMDs, there is an indirect bandgap (EG ∼ 1.1-1.4 eV), with a valence band

(VB) maximum occurring at Γ point and a conduction band (CB) minimum positioned

between K and Γ points. However, as the number of layers decreases, TMDs transform

into direct bandgap semiconductors in the monolayer form [102, 103, 111–113]. This

transformation is a consequence of alterations in orbital hybridization through quantum

confinement effects [114].

Furthermore, changing the number of layers significantly affects the states at the Γ

point, whereas those at the K points experience comparatively minimal changes. This

results in a larger direct band-gap (EG ∼ 1.7-2.1 eV) at the K and K’ points for monolayer

TMDs. Due to their identical atomic structure, these TMDs exhibit a similar band structure

and, therefore, share electrical and optical properties. The electronic band structure of

monolayer TMDs, close to Fermi energy (see Figure 2.10(b)), can be characterized by

two sets of degenerate conduction and valence bands around the K and K’points, featuring

parabolic dispersion relations as,
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E(k) = ±}2|k|2

2m∗ (2.21)

where m∗ represents the effective mass of either electrons or holes (typically falling within

the range of 0.4m0-0.6m0, where m0 is the rest mass of electrons) [108], and k signifies

the wave vector measured from either K or K’ point. Notably, this relation is similar to the

spectrum of a 2D Dirac Hamiltonian for massive Dirac fermions, which also characterizes

carriers in graphene [115]. Moreover, the presence of spin-orbit interactions results in the

breaking of spin degeneracy in both conduction and valence bands. It’s worth noting that

the spin splitting is considerably smaller in the conduction band (∼ 3-30 meV) compared

to the valence band (∼ 150-500 meV).

Theoretical calculations have predicted very large exciton binding energies EB ∼0.5–1

eV for monolayer TMDs [108]. Recent experimental measurements, using optical and

scanning tunneling spectroscopy, have also reported the large binding energies of ∼0.2-

0.7 eV [116–120], although divergence exists in terms of accurate values from different

calculations and experiments, as shown in Table 1.

Table 1: Electronic properties of 2D TMDs

2D TMD MoS2 MoSe2 WS2 WSe2

Band masses (in m0) ∼0.5 ∼0.6 ∼0.4 ∼0.4

Optical gap Eg(eV ) ∼2 ∼1.7 ∼2.1 ∼1.75

Exciton binding energy (eV) ∼0.2-0.9 ∼0.5-0.6 ∼0.4-0.7 ∼0.4-0.45

CB spin-orbit splitting (meV) ∼-3 ∼-20 ∼-30 ∼-35

VB spin-orbit splitting (meV) ∼150 ∼180 ∼430 ∼470

The large binding energies observed in these excitons arise from the two factors related to

their 2D nature, the quantum confinement and reduced dielectric screening. In contrast to

traditional bulk semiconductors, TMDs’ excitons experience strong confinement within

the monolayer’s plane. Notably, their Bohr radius (a0 '1-3 nm) surpasses the layer thick-

ness ('0.6 nm), following the requirements for real two-dimensionality [25]. Due to this

quantum confinement effect, the exciton binding energy is 4 times larger than in 3D [121].

Moreover, the excitons undergo reduced Coulomb screening, as the electric field connect-

ing the electron and hole, extends beyond the monolayer. The reduction in screening

enhances the electron-hole Coulomb interaction, resulting in an increased exciton binding

energy. Consequently, the dielectric surrounding environment around monolayer plays, a

significant role in affecting exciton and governing its properties [119, 122, 123].

2.2.2 Optical Properties of TMDs: Light Absorption and Emission

Owing to their electronic bandgap, TMDs exhibit optical properties that differ from those

of graphene. While they are transparent at longer wavelengths, TMDs exhibit high optical

absorption and emission within the near-infrared and visible spectral range [108]. These

strong light-matter interactions stem from enhanced carrier-carrier interactions, leading to

strong excitonic effects [124]. An exciton is a neutral quasiparticle formed by the binding

of an electron and a hole, held together by their Coulomb interaction. In 3D bulk semi-

conductors, the properties of excitons can be described by the hydrogenic model [125].

Conversely, 2D TMDs host excitons with binding energies reaching about ∼1 eV (see Ta-

ble 1) and featuring different excitation spectra, than that described by the conventional

2D hydrogenic model [126–130].
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In the absence of excitonic effects, the absorption spectrum would theoretically show-

case a step-like function, which is characteristic of 2D semiconductors, shown in Figure

2.11 (blue dashed line) [121].

Figure 2.11: Absorbance spectrum of monolayer MoS2 at 10 K (green line) [131]. Exciton

resonances, labelled A and B, signify transitions from the two spin-split valence bands to

the conduction bands. The blue dashed line shows the absorbance (arbitrary units) without

the excitonic effects. In the inset, the Coulomb interaction between an optically generated

electron–hole pair is depicted, forming a bound exciton.

As depicted in Figure 2.11 (green line), the experimental absorption spectra present

distinct and well-defined resonance features, proving the existence of strong excitonic

effects. Suspended monolayer TMDs can exhibit a very high absorbance (reaching up

to A' 15%) at the exciton resonances [102, 132]. This underscores the strong light-

matter interactions in these materials. Figure 2.12 shows the complex refractive index of

suspended monolayer WS2 in the visible spectrum (utilized in Chapter 7). Within TMDs,

the main excitonic peaks, labeled as A and B (see Figs. 2.11 and 2.12), signify transitions

originating from the two spin-split valence bands to the conduction bands [95, 96].
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Figure 2.12: Complex refractive index of monolayer WS2 in visible spectrum. Labels A

and B correspond to the A and B excitons, that will be consequently described in the main

text. Adapted to experimental measurements in [133].

The significance of these excitonic states extends to the photoluminescence (PL) of

monolayer TMDs. Monolayer TMDs exhibit enhanced PL levels (owing to the cross-

over from an indirect to a direct bandgap) reaching up to a factor of 104, when compared

to their bulk counterparts [102, 113]. Experimental findings show that in pristine and

undoped TMDs, the PL spectrum is characterized by emission from the neutral A exciton.

In contrast, emissions from charged A trions become more prominent in highly doped

samples [131, 134]. Recently, PL quantum yields approaching 100% have been reported

for chemically-treated MoS2 samples, underscoring the potential of TMDs for applications

in light-emitting devices [135].

2.3 Hexagonal boron nitride (hBN)

Hexagonal boron nitride (hBN) is a layered atomic structure, similar to that of graphene.

In this honeycomb lattice, boron and nitrogen atoms are arranged with a lattice constant

only 1.8% larger than graphene [136, 137]. Few-layer hBN, distinguished by different

on-site energies of B and N atoms, exhibits an indirect bandgap of approximately ∼6 eV

[138], making it an electrical insulator.

Benefiting from its chemical and mechanical stability, hBN stands out as an ideal ma-

terial for encapsulating or supporting other 2D materials, providing an atomically flat sur-

face. Notably, research by Dean et al. [139] demonstrated that, compared to SiO2, hBN

substrates reduce disorder and charge inhomogeneity in graphene, while significantly en-

hancing its carrier mobility. Additionally, hBN has proven to be an excellent tunnelling

barrier, with a high dielectric breakdown field of up to 0.8 V/nm [140, 141].
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Figure 2.13: (a) Schematics of the structure of hBN nanosheets [142, 143]. (b) The lattice

of hBN with an AAA stacking. Boron and nitrogen atoms are alternately stacked on each

other [143, 144].

In the field of optics, hBN is a transparent material across all wavelengths below the

ultraviolet region. It also hosts indirect Wannier excitons, characterized by a binding en-

ergy of approximately 100 meV [138]. The recent identification of room-temperature

single-photon emission from point defects within hBN introduces intriguing possibilities

for applications in quantum photonics [145]. Notably, phonon-polariton modes in the

mid-infrared spectrum have been observed in thin hBN flakes [146] (see Figure 2.14(b)).

These polaronic waves come from the hyperbolic nature of the hBN dielectric function,

featuring two Reststrahlen bands positioned at around 100 and 180 meV (∼12.4 and ∼6.9

um, respectively), as shown in Figure 2.14(a).
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Figure 2.14: (a) Real parts of the permittivity tensor components for hBN. The shaded ar-

eas correspond to (Type I) upper and (Type II) lower Reststrahlen bands. On top schemat-

ics of isofrequency surfaces for Type I (right) and Type II (left) hyperbolic media are illus-

trated. (b) Calculated dispersion relation of the fundamendal hyperbolic phonon polariton

mode in hBN for various crystal thicknesses (10-400 nm) with FDE solver (described in

section 4.3). (c) Side view of the propagating hyperbolic phonon polaritons, simulated by

FDTD, for an hBN encapsulated graphene pn-junction device [147].

Within the upper Reststrahlen band, hBN demonstrates type I hyperbolicity (<εt =
<εx = <εy > 0 and <εz < 0). In contrast, in the lower Reststrahlen band, hBN exhibits

type II hyperbolicity, featuring <εt = <εx = <εy < 0 and <εz > 0. The dispersion

relation of hyperbolic phonon polaritons (HPPs) within these Reststrahlen Bands can be

obtained using equation [148]

k2
t

εz(ω)
+

k2
z

εt(ω)
=

ω2

c2
= k2

0 (2.22)

Where c represents the speed of light, and ω denotes the frequency of the incident light.

The incident light momentum is denoted by k0, while k = (kt, kz) represents the momenta

of HPPs. The in-plane (kt) and incident light k0 momenta are correlated with their respec-

tive propagation wavelengths λHPP and λ0. Solving Equation 2.22 under the large k ap-

proximation, where k0 << k << 1/α with α the unit cell lattice constant of hBN, yields

a single hyperboloid isofrequency surface for the upper Reststrahlen band and a double

hyperboloid for the lower Reststrahlen band (see top schematics of Figure 2.14(a)).

In thin films of hBN with limited extent in the z direction, the hyperbolic dispersion is

affected by the confinement of polaritonic fields within the volume. The finite thickness

of hBN film gives rise to confined Fabry-Perot resonances, that appear between the two

interfaces of the hBN crystal. hBN phonon polaritons enable the confinement and control

of electromagnetic energy at the nanoscale limit. They exhibit extraordinary modal con-

finements (λ0/λHPP ) that can reach values beyond 100 for higher order modes and small
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crystal thicknesses (see Figure 2.14(b)). These confinements surpass the highest achieved

confinement in hyperbolic metamaterial structures [149].

The significant increase in the optical density of states, due to the hyperbolic disper-

sion, which expands the range of supported wavevectors at a given frequency, introduces

a limitation on the propagation of polaritons. Specifically, polariton propagation is limited

to a frequency-dependent angle [150]. The propagation angle θ(ω) (the angle between the

Poynting vector and the z-axis, as illustrated in Figure 2.14(c)) can be roughly estimated

by θ(ω) = π/2 − arctan(
√
εz(ω)

i
√
ε
t(ω)

). This angle remains constant through multiple reflec-

tions. Moreover, at a specific frequency, both the fundamental and higher-order modes

propagate at the same angle relative to the surface normal.

2.4 Van derWaals Heterostructures (vdWHs)

As explored in previous sections, 2D layered materials like graphene, TMDs, and hBN

exhibit a wide range of complementary properties. Notably, the weak van der Waals forces

that facilitate the exfoliation of these bulk materials into individual layers can also be used

to stack them one on top of the other in the desired layer sequence. The absence of lattice

matching limitations provides a lot of freedom in creating these heterostructures. Due to

the variety of 2D materials, the creation of an extensive array of vdWHs becomes possible

(see Figure 2.15). Parameters, such as sequence, layer thickness and rotational alignment,

become tunable in their fabrication.

Figure 2.15: Creating van der Waals heterostructures seems like assembling Lego blocks,

when 2D crystals can be assumed as an analog, as shown in the right panel. This allows

for the creation of an extensive array of layered structures [151].

Van der Waals heterostructures (vdWHs), not only combine their constituent layers’

unique properties, but also introduce novel physical effects and possibilities for engineer-

ing their optoelectronic properties.
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2.4.1 Electronic and Optical properties

Combining different materials in a stack can yield various effects on both individual lay-

ers’ electronic properties and overall vdWH. These effects depend on the electronic band

alignment, between the layers and the strength of interlayer coupling, affected by the ro-

tational alignment and lattice mismatch of the layers. When interlayer coupling is weak,

individual layers keep their two-dimensional properties. Interactions between neighboring

layers occur primarily through electrostatic coupling. In this case, the electronic behavior

of vdWH is governed by the contributions of individual layers and the heterojunctions

they form. These heterojunctions introduce discontinuities in the band diagram and fall

into various categories based on the different 2D materials involved and their band align-

ment.

Owing to the absence of dangling bonds on surface of layered materials, their align-

ment typically follows the predictions from simple electrostatic models, such as Schottky-

Mott and Anderson’s rules [152, 153]. For example, graphene/TMD junction typically es-

tablish Schottky metal-semiconductor junction, characterized by a Schottky barrier height

approximately determined by ΦB = WG−χ, where WG is the work function of graphene,

and χ is the electron (or hole) affinity of TMDs. In contrast, graphene/hBN junction form

metal-insulator interface, where the Dirac point of graphene is situated well above the edge

of hBN valence band (Φ0 '1.3 eV) [137]. Heterojunctions involving TMD/TMD combi-

nations usually exhibit a band alignment, featuring valence or conduction band offsets in

the range of ∼0.1-0.3 eV [154–157].

While principles associated with 3D bulk junctions are often relevant to those formed

with 2D materials, there are some limitations. Typically, combining two materials with

different work functions results in a transfer of charges between them. In 3D bulk junc-

tions, this charge transfer induces an internal electric field, leading to a depletion region

that extends from the junction. However, in the field of 2D materials, the depletion re-

gion becomes less applicable, as the charges are localized within the two layers. Instead,

2D junctions are more accurately described as parallel plate capacitors separated by a

small vdW gap. This simple model effectively explains charge doping and Fermi level

shift observed in 2D junctions [154, 158]. Recently, a comprehensive model, predicting

the spatial and dynamic dielectric properties of a given vdWH, is proposed in ref. [159],

based on the dielectric properties of its constituent 2D layers and their long-range Coulomb

interactions. It’s worth noting that in specific cases, especially when two crystals are ro-

tationally aligned, the interlayer coupling can be strong enough to significantly modify

the band structure of individual layers. This effect can arise from various hybridization

effects [155, 160] or the creation of moiré super-lattices [161, 162].

Owing to the weak electronic interactions between layers, the optical properties of vd-

WHs can be described by combining the properties of their individual layers [163]. On

the other side, recent research indicates a notable modification in the dynamics of photo-

generated charges, due to the electronic states of the surrounding layers. Graphene/TMD

heterojunctions [164, 165] serve as an example of this effect. Photocarriers generated in

the TMD swiftly transfer to graphene within picosecond timescale, resulting in a strong

quenching of TMD photoluminescence. The mechanisms for this energy transfer can be

either radiative or non-radiative (due to dipole-dipole coupling) [166]. The latter has been

observed not only in graphene/quantum dot systems [167], but also in certain TMD/TMD

heterostructures [168].
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2.4.2 Optoelectronic applications based on vdWHs

Recently, the rapid increase of interest in vdWHs has led to enormous progress in this

field, which is presented in several review articles [108, 151, 169–173]. Here we give an

overview of the main applications of vdWHs, with an emphasis on those relevant for this

thesis. Namely, in Chapter 7, we study TMD/hBN/graphene heterostructures for photonic

cavity and plasmonic antenna enhanced nanoscale Light Emitting Diodes (LEDs), for both

free-space and integrated devices.

Photodetectors based on vdWHs

Photodetection, based on the photovoltaic effect, follows two different operations, such

as photoconduction and photocurrent. In photoconduction operation, the conductance of

the device is increased by the photo-excited carriers, while in photocurrent operation,

photo-excited carriers are converted into current, affected by an electric field caused by

a symmetry-lowering element like a junction. In case of intrinsic photo-response, an im-

portant challenge for photodetectors based on 2D TMDs is the dissociation of excitons

by electric fields, whether intrinsic or externally applied, due to their remarkably strong

excitonic effects.

Advancements in experimental techniques have been achieved in photodetectors, em-

ploying both in-plane and out-of-plane structures of 2D TMDs (see Figure 2.16). In-plane

devices offer improved control over material properties through electrostatic gating, while

out-of-plane devices can sustain a significantly high bias field. Additionally, they present

a reduced excitonic binding energy in multilayer structures [116], promoting more ef-

fective exciton dissociation. TMD photodetectors, particularly those based on in-plane

photoconduction, are notably affected by extrinsic effects, associated with impurities and

defects. Thus, there is a need of future studies in order to showcase the importance of in-

trinsic and extrinsic mechanisms, aiming to manage structure optimization for enhanced

performances.
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Figure 2.16: Photoconduction (a-b) and photocurrent (c-d) devices, based on lateral

and vertical structures [108]. (a) Schematic of monolayer MoS2 lateral photoconduc-

tor [174] (top). In the middle, there is a band diagram (with small Schottky barriers at

the contacts) of monolayer MoS2 photodetector. Photocurrent spatial map with a hot-

spot area, corresponding to the location of MoS2 (bottom). (b) Few-layer WS2 vertical

photoconductor with graphene on top and back electrodes [175]. Band diagram for a

graphene/WS2/graphene heterostructure, with a built-in electric field to separate the gen-

erated electron–hole pair. Electric current as a function of bias voltage with and without

light illumination (bottom).(c) Photocurrent as a function of bias voltage of a monolayer

WSe2 device with split gate electrodes (top inset) under different bias voltage [176]. In

the bottom inset the band diagram of p–n diode is illustrated. (d) Schematic of a verti-

cal p–n diode device, where the heterojunction is formed by monolayers MoS2 and WSe2
(bottom) [177]. Colormap of the photocurrent hot-spot at the heterojunction (top left) and

schematic illustration of exciton dissociation (top right).
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Following the literature, Mak et al. initially detected weak in-plane photoconduction,

when illuminating 2D MoS2 transistors with a diffraction-limited laser beam [102]. Later

investigations have revealed a significant enhancement in photoconduction through illu-

mination, particularly at the semiconductor–metal contacts and in short-channel devices

[174, 178–180]. Experiments have identified doping and trapping of photo-generated car-

riers by impurities as the main mechanisms altering the device conductance in 2D MoS2.

These extrinsic effects offer an explanation for the significant saturation behavior observed

in the excitation power dependence of responsivity. Conversely, vertical TMD devices

with graphene as bias electrodes have been reported by Britnell et al. [175] (see Figure

2.16(b)). This device reached an impressive 50% in external quantum efficiency.

A more controllable and efficient category of photodetector relies on the photocur-

rent operation. These devices incorporate a junction [176, 177, 181–185], establishing a

built-in electric field. Both in-plane (see Figure 2.16(c)) and out-of-plane junctions (see

Figure 2.16(d)) have been successfully demonstrated. Figure 2.16(c) shows an in-plane

p–n diode [176] based on monolayer WSe2, where successful achievement of both n- and

p-type contacts, along with ambipolar operation, is notable. The relatively small energy

gap of WSe2, plays an important role in these achievements. However, the efficiency of

these devices (i.e., EQE' 0.2% under zero bias) faces limitations due to the challenge of

achieving a broad depletion region to capture excitons and a high built-in field for efficient

dissociation. Given that limitation, out-of-plane junctions emerge as promising alterna-

tives. These junctions comprise two-layer vertical stacks (see Figure 2.16(d)), with one

layer serving as n-type (e.g., monolayer MoS2) and the other as p-type (e.g., monolayer

WSe2) [177]. Electrostatic gates offer additional control over the device doping levels.

Due to the very small interlayer separation, these structures can generate remarkably high

built-in electric fields. Additionally, these devices provide a large exposure area for effi-

cient optical absorption, eliminating the need for exciton diffusion to the depletion region.

Lee et al. reported an external quantum efficiency of∼10–30% for graphene-encapsulated

vertical TMD p–n diodes [177]. This study underscores the potential for effective pho-

todetection in out-of-plane p–n diodes based on 2D vdW materials, benefiting from unique

layer-by-layer control at the atomic level. Nevertheless, further investigations are needed

to explore the role of tunnelling contributions in these diodes with atomic-scale depletion

regions, as well as to assess their operational bandwidths.

LEDs on lateral vdWH p-n junction

While the bulk TMDs exhibit an indirect bandgap, their conversion to single layer trans-

forms it into a direct bandgap [102]. This modification satisfies a fundamental require-

ment, essential for effective utilization in light emission applications. The wide range of

TMDs, with distinct bandgaps and working functions, offers dual benefits. Firstly, it en-

ables tunable emissions across a broad spectrum of wavelengths and secondly it presents

numerous opportunities for bandgap engineering of heterostructures [157].

The p-n junction serves as a key element in various optoelectronic applications, such as

photodetectors and LEDs. Ultra-thin TMDs are inherently responsive to their surrounding

dielectric environment. This sensitivity facilitates the possibility for electrostatic gating

control of monolayer TMDs’ doping, offering a pathway for precise modulation. Cre-

ating a p-n junction involves the application of two split gates beneath the monolayer

TMDs. This approach has been utilized in the production of monolayer WSe2 LED de-

vices (see Figs 2.17(a-b)). These devices exhibited a remarkable total photon emission
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rate (one emitted photon per 104 injected electron–hole pairs [181]), under the highest ap-

plied current (∼35 nA). While the total estimated quantum efficiency remains at 0.01%,

the emission wavelength can be finely tuned between regimes, such as impurity-bound,

charged, and neutral excitons, as depicted in the colormap of Figure 2.17(c). The electrical

control enables a single device to have multiple functionalities. For instance, ambipolar

monolayer WSe2 devices, equipped with local splitting gates, have achieved both p-n and

n-p configurations. The estimated electroluminescence quantum efficiency has reached

approximately 1% [184].

To achieve light emission from monolayer TMDs, the ambipolar field-effect transistor

(FET) is an alternative structure to establish p-n junction within 2D materials [186]. TMDs

can undergo effective neutral doping, by applying gate voltage. Consequently, TMD-

based FET devices can function within the ambipolar injection regime, facilitating the in-

jection of holes and electrons at opposing contacts. This operation enables the observation

of light emission from the FET channel. Such a light-emitting transistor, based on mono-

layer WSe2, has been successfully realized, as depicted in Figure 2.17(d) [187]. Circu-

larly polarized electroluminescence from p-n junctions are electrostatically formed within

transistor channels (see Figure 2.17(e)). This property can be described by hole-electron

overlap through the in-plane electric field. The external quantum efficiency (EQE) varies

across samples, ranging from 0.002% to 0.06%, as illustrated in Figure 2.17(f).
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Figure 2.17: LEDs based on TMDs p-n junction [169]: (a) Schematic of multiple

monolayer WSe2 p-n junction device with back gates and source-drain contacts. The

source–drain voltage is applied to one contact and the current is read out of the other.

During electroluminescence in the WSe2, electrons and holes move towards each other

and recombine. The device is placed on top of a typical SiO2/Si substrate [181]. (b) Elec-

troluminescence (EL) spectrum (blue line), generated by a nA current, converges to the

photoluminescence (PL) spectrum (red line) at 300 K [181]. (c) EL intensity plot as a

function of bias current and photon energy. The impurity-bound exciton XI (black arrow),

the charged excitons X− (red arrow) and X+ (yellow arrow) and the neutral exciton X0

(green arrow) [181]. (d) Schematic of TMD electric-double-layer transistor (EDLT), un-

der ambipolar charge accumulation (top panel). The bottom panel shows a schematic of

the band structure of EDLT induced p-n junction under equilibrium [187]. (e) EL intensity

spectra of the device for voltage (2-6 V) [187]. (f) Extracted from (e): Total EL intensity

as a function of forward current (top). EL polarization as a function of forward current

(middle). External quantum efficiency as a function of forward current (bottom) [187].

(g) Schematic illustration of the WSe2/MoS2 vertical heterojunction p-n diode [182]. (h)

EL spectra of a ML-WSe2/MoS2 heterojunction at variable injection currents [182]. (i)

Colorized EL image of the heterojunction device under an injection current of 100 uA

[182].
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Nevertheless, the light emission capability of lateral p-n junction devices is limited

by the narrow interface of 1D junction, resulting in low LED efficiency. Consequently,

the vertical stacking of TMDs to create p-n junctions is more efficient, as it expands the

optical active area from 1D line to 2D overlapping region. MoS2 and WSe2 vertical p-n

junction LEDs (see Figure 2.17(g)), demonstrate this extension, with the p-n junction cov-

ering the entire MoS2/WSe2 overlapping area [182]. The EL from such devices exhibits

noticeable band-edge excitonic emission alongside significantly enhanced hot-electron lu-

minescence, as depicted in Figure 2.17(h). However, the emitted light is localized at the

overlapping region closer to the electrodes rather than across the entire overlapping area

(Figure 2.17(i)). This effect can be attributed to the current injection limitations within

these p-n junctions, limited by lateral contacts and lateral carrier transport, due to the de-

pletion of the ultra-thin TMDs.

LEDs on vertical vdWHs

Efficient and expansive light emission from LEDs is useful for numerous applications.

Due to the limitations of traditional p-n junction structures, described previously, a novel

design has emerged, including vertically chip-based LEDs, constructed by layering 2D

materials. This innovative approach typically involves graphene, hBN, and TMDs. In

the configuration of Figure 2.18(a) [188], two graphene layers serve as transparent uni-

form electrode contacts, separated by an hBN/MoS2/hBN sandwich quantum well. The

important element in this setup is the hBN layer. Acting as a tunnelling barrier, the few-

layer hBN diminishes leakage current during device operation, when current flows from

the top to the bottom layers. Specifically, the important parameter is the thickness of the

hBN layer. When hBN flake exceeds one atomic layer thickness, it effectively extends the

carrier lifetime, facilitating the formation of excitons, that recombine to produce efficient

light emission, as depicted in Figure 2.18(b) [188]. Nevertheless, as the thickness of the

hBN increases, the current tunnelling through it experiences a sharp decline [140, 189],

resulting in very weak LED emission, as illustrated in Figure 2.18(c).

A single hBN/MoS2/hBN quantum well (QW) LED device showcases a quantum ef-

ficiency of approximately 1% [188]. This efficiency can be elevated to 8.4% by incorpo-

rating four QWs, attributed to enhanced radiative recombination [188]. Vertical stacking

structure significantly enhances light-emitting quantum efficiency by several orders of

magnitude compared to LEDs employing p-n junction geometry. Furthermore, the emis-

sion spectrum can be finely tuned by combining different 2D semiconductors. Combina-

tional devices exhibit a quantum efficiency of ∼5%, comparable to current organic LEDs

and state-of-the-art quantum dot LEDs.

Recent research has focused on further optimizing quantum efficiency through sub-

strate modulation and integration with photonic crystal cavities. Vertical stacking LEDs

utilizing WSe2 with high efficiency at room temperature have been reported, employing

refractive distributed Bragg reflector (DBR) substrates, illustrated in Figs 2.18(d) and (e).

The DBR’s role is to minimize light scattering into SiO2/Si substrates, while enhancing

light collection. Based on these DBRs, up to 30% of the emitted light can be effectively

collected, in contrast to a 2% collected from conventional Si/SiO2 substrates. The EQE

efficiency of WSe2 devices is improved with temperature (see Figure 2.18(f)). At room

temperature, EQE reaches 5% [190], marking a significant improvement compared to the

MoS2 quantum wells under ambient conditions, which have achieved only ∼250 times

less in EQE so far [188].
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Figure 2.18: LEDs based on TMDs vertical stacking [169]: (a) Schematic of the

hBN/Gr/2hBN/WS2/2hBN/Gr/hBN heterostructure [188]. (b) Optical image of EL

from the same device (Vb=2.5 V, T=300 K) [188]. (c) Characteristic I−V curves for

graphite/BN/graphite devices with different BN insulating layer thicknesses, such as

monolayer of BN (black line), bilayer (red line), triple layer (green line) and quadruple

layer (blue line) [140]. The inset shows a typical I−V curve, where the breakdown in the

BN is observed at +3 V (4-layer thickness of BN is 1.3 nm). (d) Band alignment at high

bias of a WSe2 LEQW device [190]. (e) Image of a WSe2 LEQW device with an applied

bias of Vb=2 V and current of 2 uA. The central white area corresponds to strong elec-

troluminescence, in red areas are the Au contacts to bottom graphene and in blue the Au

contacts to top graphene [190]. (f) Temperature dependence of the quantum efficiency for

three typical WSe2 LED devices (left panel). EL intensity spectra plotted for four differ-

ent injection current densities for device 3 [190] (right panel). (g) Schematic of the EL

measurement device’s set-up [191]. (h) EL measurements from (blue dots) and away (red

dots) from the cavity area with Vb=2 V [191]. (i) Cavity-enhanced peak intensity (blue

dots) and exciton peak intensity (red dots) as a function of polarization detection angle

[191].
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Figs 2.18(g) and (h) show integrated WSe2 vertical stacking LEDs with an incorpo-

rated photonic crystal cavity, as reported in recent studies. The EL emission efficiency

has a remarkable 4-fold enhancement compared to LEDs on bare SiO2/Si substrates [191].

This enhancement is attributed to the strong coupling between the photonic crystal mode

and exciton EL in WSe2, resulting in an enhanced emission rate. Furthermore, the emis-

sion at the cavity resonance exhibits single-mode operation and high linear polarization

(84%) along the cavity mode axis, as illustrated in Figure 2.18(i). The implementation

of photonic crystal cavity has enabled the realization of electrically pumped single-mode

light sources, marking significant advancement towards on-chip optical information tech-

nologies. This underscores the advantage offered by vertical stacking LED structures.

Single-photon emitters based on vdWHs

The integration of high quality and enhanced efficiency single-photon sources into opto-

electronic circuits represents a important challenge in advancing scalable quantum com-

munication technologies [192]. In monolayer WSe2, single-photon emitters have been

optically observed, due to crystal structure imperfections that serve as efficient carrier

trapping centers [193]. As a complement to optical pumping, electrically pumped single-

photon emission holds promise for the development of future quantum light-generating

devices.

Atomically thin quantum LEDs, utilizing WSe2 and WS2 have been reported [194],

from successful techniques employing TMD-based vertical stacking LEDs. These quan-

tum LEDs create a graphene/hBN/TMD structure, designed to facilitate carrier injections

by modulating the Fermi level in graphene, as depicted in Figs. 2.19(a) and 2.19(b). Dur-

ing device operation, uniform light emission is generated across the entire WSe2 area.

However, both monolayer and bilayer WSe2 samples exhibit a distinct hot spot, as ob-

served in Figure 2.19(d). Spectrum analysis reveals distinct emission performance, com-

pared to free exciton recombination. Notably, in Figure 2.19(c), remarkably sharp peaks

are identified in the near-IR, with linewidths ranging between 0.8 and 3 nm, indicating

quantum emission. To verify them as single-photon sources, the intensity correlation func-

tion of EL emission, denoted as g(2)(τ ), from WSe2-based quantum LEDs was plotted (see

Figure 2.19(e)). The normalized value of g(2)(0) was found to decrease to '0.29, below

the threshold value of 0.5, expected for a single-photon source [195]. Similarly, in WS2-

based quantum LEDs, a quantum emitter was also identified, with g(2)(0)'0.31. This

observation showq the stable operation of WS2-based quantum LEDs, capable of generat-

ing single photons in the visible spectral range, as illustrated in Figs. 2.19(f) and 2.19(g).

It is important to mention that single-photon emission can also be achieved in WSe2
LEDs featuring lateral structures (see Figure 2.19(h)) [196]. These devices exhibit three

different single defects within a narrow p-i-n junction area, as depicted in Figure 2.19(i).

The emissions from these defects appear as a doublet with characteristic exchange split-

ting and linearly polarized selection rules, aligning with properties of previously reported

single-photon emitters observed through optical measurements. In comparison to tradi-

tional bulk materials, 2D materials offer greater suitability for on-chip integration with

electronic circuits due to their ultra-thin nature. However, the limited research on single-

photon emitters in 2D materials remains a significant challenge. Controlling the defects in

TMDs to create single-photon emitters is the future step in advancing TMD-based single-

photon emitter technology.
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Figure 2.19: Single-photon emitters based on vdWHs: (a) Optical microscope image

of a typical experimental device. The dotted lines represent the areas of SLG (red), hBN

(black) and the TMD layers (light blue), respectively [194]. The electrical bias is provided

by Cr/Au electrodes contacting both the SLG and TMD layers. (b) The heterostructure

band diagram illustrates the case where a finite negative bias is applied to the SLG [194].

(c) EL emission spectra for quantum dots in monolayer (top) and bilayer (bottom) WSe2.

The shaded area denotes the spectral window for LED emission caused by bulk WSe2
excitons, while QLED operation appears at longer wavelengths [194]. (d) Raster-scan

map of integrated EL intensity from monolayer and bilayer WSe2 regions of the QLED

at an injection current of 3 mA. The dotted circles show the localized emission observed

in this device [194]. (e) Intensity-correlation function g(2)(τ ) revealing the anti-bunched

nature of the EL signal with g(2)(0)'0.29 and width-time of '9.4 ns [194]. (f) Raster-

scan map illustrating the integrated EL intensity from the monolayer WS2 region of the

device at 0.57 mA, where the highly localized QLED emission becomes dominant over

the unbound WS2 exciton emission [194]. (g) Intensity-correlation function, for the same

quantum dot, showcasing the anti-bunched nature of the EL signal with g(2)(0)'0.31 and

width-time of '1.4 ns. (h) Optical image of a lateral LED device [196]. (i) EL spectrum

for a lateral LED device, illustrating emission from three distinct single defects [196].
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Chapter 3

Plasmonics, Photonics and Dipole

Emission

The main purpose of this chapter is to present the fundamental concepts governing the

interaction between electromagnetic fields and matter, constituting classical electrody-

namics of solids (or continuous media) [1–4]. A comprehensive exploration of plasmonic

response of metals, photonic material properties, along with the description of dipole emis-

sion is detailed. The concepts developed in the following chapter are the basis to analyze

optoelectronic devices based on graphene and other 2D materials (such as TMDs), de-

scribed in Chapter 2.

3.1 Plasmonic response of metals

Plasmon polaritons in noble metals are characterized as hybrid electromagnetic waves that

emerge from the interaction between free-space photons and dipoles induced by electron

oscillations in metals. These hybrid states can manifest as either propagating waves along

a metal/dielectric interface or as localized phenomena within finite metal structures. The

former is referred to as surface plasmon polaritons (SPPs), while the latter is commonly

known as localized surface plasmon polaritons (LSPPs).

3.1.1 Drude Model for metals

To elucidate plasmonics, it is effective to provide a brief derivation of theAC (i.e., frequency-

dependent) Drude response model for conductors. In the Drude model [5], metals are

treated as a free-electron gas that permeates a background composed of immobile ions

constituting the crystal’s lattice. Within this framework, the microscopic dynamics of the

conduction electrons, when subjected to an external electric field, E(t), is classically gov-

erned by Newton’s second law. This is expressed through the equation of motion [6–9].

d

dt
p(t) = −eE(t)− 1

τ
p(t) (3.1)

where p represents the average momentum of electron and τ denotes the momentum re-

laxation time (i.e., the average time between instantaneous collisions of electrons with

phonons, lattice defects, etc.). Consequently, we can identify the scattering rate γ = τ−1.

For a time-dependent field E(t) = E0e−iωt and assuming that the momentum follows the

same time-dependence with E(t), the preceding equation results in:

57
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p(t) =
e

iω − γ
E(t) (3.2)

Given that the current induced by the external field can also be expressed as J = −enev,

where ne represents the electron density and v = p/m denotes the average velocity, utilizing

Equation 3.2 leads to the following result:

J =
e2ne

m

1

γ − iω
E (3.3)

From Equation 3.3 and J = σ(ω)E, we can easily define the frequency-dependent optical

conductivity of the the uniform electron gas [6, 9] as

σ(ω) =
e2ne

m

1

γ − iω
(3.4)

Furthermore, the equivalent Drude dielectric function is expressed as [6, 9].

ε(ω) = ε∞(ω)−
ω2
p

ω2 + iγω
(3.5)

where ω2
p = e2ne/(µε0) is referred to as the plasma frequency of the electron gas. In the

so-called jellium approximation, the contribution of the homogeneous ionic background

simply equals ε∞=1. In ”real metal” cases the frequency dependence of ε∞(ω) is retained

to incorporate although ad hoc, interband transitions, and background screening originat-

ing from lower-lying orbitals (e.g., the d-band of noble metals). A common phenomeno-

logical approach to address these effects involves adding a series of Lorentz oscillators

[6] to the free-carrier contribution, as described in section 3.3. This adjustment is made in

such a way that the resulting dielectric function aligns with the experimental data within

a specified frequency range.

Despite its simplicity, the Drude model is quite effective in explaining the key char-

acteristics of metals, especially simple alkali metals, in the infrared and visible regions of

the electromagnetic spectrum. This holds true as long as the frequencies of interest remain

below the onset of interband transitions. Such effectiveness should not be surprising since

this model considers only a single band. Following Drude’s groundbreaking work in 1900

[5], Sommerfeld further advanced the model by incorporating Fermi–Dirac statistics and

introducing concepts from band theory within a semi-classical description of the electron

gas [10].

3.1.2 Surface Plasmon Polaritons at Planar Interfaces

In this subsection, we summarize the key characteristics of propagating surface plasmon

polaritons maintained at planar dielectric–metal interfaces. Deriving the necessary funda-

mental knowledge from classical electrodynamics [1–4, 11], combined with that described

in subsection 3.1.1, we can introduce the elementary concepts of classical plasmonics.

The plasmonic excitations in a given system can be entirely characterized by applying

Maxwell’s equations (with the relevant boundary conditions) alongside the specification

of the materials’ local response. We will derive the dispersion relation of surface plas-

mon polaritons (SPPs) propagating along flat dielectric–metal interfaces and explore their

essential characteristics. Here, for simplicity, we examine a single dielectric–metal inter-

face. We consider a planar interface situated between two distinct media, described by
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the boundary separating a dielectric half-space (z > 0) and a metal half-space (z < 0), as

illustrated in schematics of Figure 3.1. The dielectric medium is defined by the dielectric

constant εd, which may exhibit frequency dependence, while the electromagnetic proper-

ties of the metal are described by its frequency-dependent dielectric function εm(ω). We

assume that the system is uniform in the y-direction.

Figure 3.1: Schematic of a planar dielectric-metal interface, defined by z=0 plane. The

fields decay exponentially away from the interface.

We explore p-polarized (or transverse-magnetic (TM)) solutions, that resemble sur-

face electromagnetic waves propagating (e.g, along the x-direction) and showcasing ex-

ponential decay along the vertical z-direction. Specifically, these solutions (whose time-

dependence is harmonic and has the form e−iωt) can be expressed, in the dielectric medium,

as

Ed(r) = (Ex,dx̂+ Ez,dẑ)e
iqxe−κdz, Hd(r) = Hy,de

iqxe−κdzŷ (3.6)

and, in the metal half-space, as

Em(r) = (Ex,mx̂+ Ez,mẑ)e
iqxeκmz, Hm(r) = Hy,me

iqxeκmzŷ (3.7)

where q denotes the SPP’s wavevector (or propagation constant) and κd,m defines the de-

cay of the fields along the perpendicular direction. The relations between the components

of the fields within each medium can be established by incorporating Eqs. 3.6 and 3.7 into

Maxwell’s equations. This process results in:

Hy,j = −ω

q
ε0εjEz,j, Hy,j = −sji

ω

κj

ε0εjEx,j, Ez,j = sji
q

κj

Ex,j (3.8)

For j∈ [d, m], we define the auxiliary variable sj = δjd−δjm using delta Kronecker. Fur-

thermore, we derive

κ2
j = q2 − (ω/c)2εj (3.9)

where ε0 represents the permittivity of vacuum, and c = 1/
√
ε0µ0 is the speed of light in

free space, with µ0 indicating vacuum permeability. Now, the only necessity is to equate

the fields on both sides of the interface in alignment with the boundary condition equations

n̂× (E2 − E1) = 0 and n̂× (H2 −H1) = K. These equations express the continuity of

the tangential components of the electromagnetic field across the interface and result in

Ex,d − Ex,m = 0, Hy,d −Hy,m = 0 (3.10)
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Utilizing the Eqs. 3.8 and 3.9, and incorporating them into the system of equations 3.10,

we deduce the implicit condition for the dispersion relation of SPPs [6, 7]

εd
κd

+
εm
κm

= 0 (3.11)

Moreover, according to Equation 3.11, we can derive an essential condition for the

presence of SPPs at the interface of two distinct media. To facilitate the existence of an

electromagnetic wave exhibiting decay perpendicular to the interface, it is necessary that

Re(κd,m) > 0. Consequently, the real parts of εd and εm must have opposite signs. For

insulating materials, where εd = Re(εd)> 0, it follows that the medium in the opposing

half-space must have Re(εm)< 0 [6, 7]. This condition aligns with the characteristics of

most metals for frequencies in the visible/near-infrared and below. Alternatively, using

Equation 3.9, we can present the SPP wavevector in a closed-form [6, 12, 13] as

qSPP =
ω

c

√
εdεm

εd + εm
(3.12)

which provides a simple relation between SPP’s wavevector and its frequency. According

to Equation 3.12, the alteration in the dielectric environment εd impacts the momentum

qSPP of SPPs. Figure 3.2 illustrates the dispersion relation of SPP mode sustained by a

planar interface between a dielectric and a lossless Drude metal. We describe the lossless

metal material (γ=0) by the Drude model, i.e., with dielectric function given by Equation

3.5. We further assume that ε∞=1 and define the surface plasmon frequency as ωSP =
ωP/

√
ε∞ + εd.

Figure 3.2: Dispersion relation of SPPs at dielectric–metal interfaces (εd = 1). The dashed

horizontal line indicates the surface plasmon frequency and k0 = ω/c and k = (ω/c)
√
εd

are the light lines inside air and dielectric εd, respectively.

It is worth noting that, SPP dispersion curve for εd = 1, shown in Figure 3.2, is po-

sitioned to the right of the light line, defined by k0, implying that the electromagnetic

field of SPPs is effectively confined near the interface. Moreover, we can determine the

ratio between the wavelength of a photon in free space and that of a SPP, oscillating at

the same frequency, as λ0/λSPP =
√
εdεm/(εd + εm). This reveals a particularly cap-

tivating characteristic of SPPs: given that λSPP/λ0< 1, these polaritons can confine the

electromagnetic field below the diffraction limit [6, 11, 12, 14, 15]. In specific systems,

this effect can be notably substantial, with λSPP/λ0«1 [6, 12, 16–18]. It becomes evident

that this characteristic plays a pivotal role in manipulating electromagnetic fields at the
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nanoscale and enhancing light–matter interactions, leading to promising applications in

nanophotonics.

3.1.3 Localized Surface Plasmons in metallic nanoparticles

While the planar dielectric–metal interface serves as the simplest system supporting SPPs,

other nanogeometries provide valuable insights. In this subsection we outline the optical

response of metallic nanoparticles, such as nanospheres used on SERS of graphene in

Chapter 5. Surface plasmons can also be excited in metallic nanostructures, where the

electric field of incident light excites oscillations of the conduction electrons. Plasmonic

resonances in finite-sized structures, such as nanospheres, are commonly referred to as

Localized Surface Plasmons (LSPs) [7, 12].

Figure 3.3: Schematic of localized surface plasmon resonance (LSPR), resulting from the

collective oscillations of delocalized electrons in response to an external electric field [19].

In Figure 3.3 is illustrated the oscillation of charge due to the external field. In this

case, the nanoparticle is assumed to be significantly smaller than the wavelength of the

incident light. The electric field of the incoming light generates an electric dipole in the

metal particle by displacing numerous delocalized electrons in one direction away from

the rest of the metal particle, resulting in a net negative charge on one side and a net

positive charge on the opposite side. While LSPs are well-known as dipole plasmons, it is

noteworthy that the oscillating field of the incident light can induce quadrupole resonances

as well, especially for particles exceeding 30 nm in diameter [20, 21].

Analyzing LSPPs typically involves considering a sub-wavelength metallic sphere

with a diameter d� λ, and employing the quasi-static approximation. This approximation

assumes a uniform incident electric field across the entire metallic nanoparticle. We con-

sider a uniform, isotropic sphere with a radius a, situated within a uniform, static electric

field (E=E0ẑ) aligned along the z-axis (see Figure 3.4). The surrounding medium εd is

isotropic and has no absorption losses. The optical response of the nanosphere is further

described by the complex dielectric function εm(ω).
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Figure 3.4: Schematic of a homogeneous, isotropic nanosphere placed into an electrostatic

field [7].

By applying simple electrostatics, solving the Laplace equation for the potential∇2Φ =
0, we are able to derive the electric field E=−∇Φ. The general solution for the potential

in azimuthal symmetry is [1]

Φ(r, θ) =
∞∑
l=0

[Alr
l +Blr

−(l+1)]Pl(cosθ) (3.13)

where Plcos(θ) are the Legendre polynomials of order l, and θ is the angle formed by the

position vector r at point P and the z-axis (see Figure 3.4). To ensure the potential remains

finite at the origin and by equating the tangential components of the electric field to the

normal components of the displacement field, the expressions for the potentials inside and

out of the sphere [1] can be expressed as

Φin = − 3εm
ε+ 2εm

E0rcosθ,Φout = −E0cosθ +
ε− εm
ε+ 2εm

a3
cosθ

r2
(3.14)

It is interesting that Φout describes the superposition of the applied external field and the

field created by a dipole located in the center of nanosphere. To introduce the dipole

moment p we can write

p = 4πε0εma
3 ε− εm
ε+ 2εm

E0 (3.15)

and re-write outside potential Φout as

Φout = −E0rcosθ +
p · r

4πε0εmr3
(3.16)

Hence, we observe that the applied field generates a dipole moment within the sphere, the

magnitude of which is directly proportional to |E0|. Defining that p = ε0εmαE0 we can

write the polarizability α as

α = 4πa3
ε− εm
ε+ 2εm

(3.17)

The final expression 3.17 represents the key outcome of this section, which is the complex

polarizability of a nanosphere, with a diameter smaller than the wavelength, within the

electrostatic approximation.
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Figure 3.5: Absolute value and phase of the polarizability α of a sub-wavelength silver

nanoparticle with respect to the frequency of the driving field [7, 22].

Figure 3.5 shows the magnitude and phase of α, for frequency ω (in eV) and dielectric

constant ε(ω), following the Drude formula (in this case for silver [7, 22]). It is evident

that the polarizability has a resonance when |ε+2εm| is minimized, which, in case of small

(or gradually changing) Im[ε] around the resonance, can be simplified to

Re[ε(ω)] = −2εm (3.18)

This relation is known as the Fröhlich condition, and the corresponding mode (under an os-

cillating field) is termed the dipole surface plasmon of the metal nanoparticle. For a Drude

metal sphere situated in air, the Fröhlich condition is satisfied at frequency ω0 = ωp/
√
3,

further highlighting the strong dependence of resonance frequency on the dielectric en-

vironment. When εm increases, this resonance experiences a red-shift. Therefore, metal

nanoparticles serve as ideal platforms for optical sensing, when the refractive index of the

surrounding medium changes.

Electric field distribution E = −∇Φ can be derived by the Equations 3.14 as

Ein =
3εm

ε+ 2εm
E0,Eout = E0 +

3n(np− p)

4πε0εm

1

r3
(3.19)

Where n is the unit vector in the same direction as P (in Figure 3.4). We observe that

the resonance in α also signifies a resonant enhancement of both the internal and dipolar

fields. This field enhancement at the plasmon resonance forms the basis for many promi-

nent applications of metal nanoparticles in optical devices and sensors. Optically, it is

interesting to notice that another outcome of the resonantly enhanced polarization α is a

strong increase in the efficiency with which a metal nanoparticle scatters and absorbs light.

The corresponding cross-sections for scattering and absorption, which can be calculated

using the Poynting vector S [1, 7, 22], are, respectively,

 

Csca =
k4

6π
|α|2 = 8π

3
k4a6| ε− εm

ε+ 2εm
| (3.20)

and

 

Cabs = kIm[α] = 4πka3Im[
ε− εm
ε+ 2εm

] (3.21)

Finally, for a sphere of volume V and dielectric function ε = ε1 + iε2 in the quasi-static

limit, the extinction cross-section Cext = Csca + Cabs can be written as
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Cext = 9
ω

c
ε3/2m V

ε2
[ε1 + 2εm]2 + ε22

(3.22)

There is a variety of different nanoparticles capable of supporting LSP resonances [12, 23].

Apart from the metal nanosphere, studied in this subsection, numerous investigations of

LSPs have been made in plasmonic disks [24–26], triangles [27, 28], cubes [29–31], and

nanorods [32], among others [33–35]. Furthermore, coupling these plasmonic particles

could be exploited to form new coupled structures, broadening the library of plasmon

resonances. This is achieved using plasmonic dimers [36–40], including bow-ties [41–44]

(studied in Chapter 7) and oligomers [45–48], or multi-layered nanoparticles [49–51].

Alternatively, individual plasmonic particles can be periodically assembled into plasmonic

lattices [52–56], capable of sustaining surface plasmon lattice resonances resulting from

diffractively coupled LSP resonances.

3.2 Optical response of dielectrics

The classical theory for absorption and dispersion is attributed to Drude, described in sub-

section 3.1.1, and Lorentz [57] models. The Drude model is applicable to free electron

metals, and its quantum analog involves intraband transitions, i.e. transitions of free elec-

trons within the conduction band. In contrast, Lorentz model can be applicated in case of

insulators, and its quantum mechanical analog includes all direct interband transitions, i.e.

transitions of bound electrons whose final states appear in a different band. Notably, we

can observe that various characteristics of these classical models find quantum mechani-

cal counterparts, which are easily understood as generalizations of their classical analogs.

The arrangement of bound electrons within an atom typically forms orbitals around the

positive nucleus. In the absence of an external electric field, this electron cloud exhibits

a spherical symmetry centered around the nucleus. However, under an external electric

field, the electron cloud shifts in the opposite direction of the field, appearing like a dipole.

This induced dipole is oscillating, as a response to the external electric field. This forced

oscillation of electrons bound to the nucleus, is a mechanical analog to a small mass bound

to a larger mass by a spring. This is known as the Lorentz model and will be described in

the following paragraphs.

3.2.1 Lorentz oscillator

In order to explain the Lorentz model, we assume a single atom consisted of one electron

bound to the nucleus. We initially apply the classical Hooke’s law for the clarification of

the forced oscillation within the Lorentz model. Subsequently, by substituting the different

forces into Newton’s law, we derive the equation of motion, the polarization and the final

dielectric function for dielectrics. The Lorentz oscillator model assumes a force (FH)

applied to an orbital by the atomic nucleus, according to the Hooke’s law FH = −kr,

where k represents the string constant and r is the orbital displacement (see Figure 3.6).
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Figure 3.6: Schematics of a Lorentz oscillator, where electrons are bound to the atomic

nucleus, analogously to springs of different strength.

Despite the fact that the forces between charges follow Coulomb’s law FC ∼ 1/r2, we

adopt Hooke’s law, due to its validity as an approximation for small perturbations around

equilibrium (where the force equals to zero). Expressing this, in terms of potential energy

V, if F = −ϑV /ϑr = −ϑV /ϑx at x = x0, when x0 is the minimum energy, we get

F = 0. The general form of potential energy can be written, as a Taylor expansion around

x = x0, as

 

V = V (x0) + V ′|x=x0(x− x0) +
1

2!
V ′′|x=x0(x− x0)

2 +
1

3!
V ′′′|x=x0(x− x0)

3 (3.23)

In case of x0 equals to 0, the force can be written as

 

F = −ϑV

ϑx
= V ′′(x− x0) (3.24)

which seems like Hooke’s law formula with V ′′ = k. As a result, the force has a lin-

ear relationship with the displacement. According to Hooke’s law, the restoring force of

oscillation is defined as FH = −mω2
0r, where m is electron effective mass and ω0 =√

k/m the eigenfrequency of the oscilator. Additionally, there is a friction force (FF ),

which, in the simplest approximation, is proportional to the velocity (υ) and is defined

as FF = −mΓυ = −mΓ(dr/dt), where Γ is a friction constant in units of inverse time

(sec−1), representing the energy loss rate from the oscillator. While radiation damping

is the dominant energy loss mechanism in a free atom, various scattering mechanisms in

a solid, like electron-phonon scattering, contribute to it. Finally, the external force (FE)

from the applied electric field (E) is defined as FE = −eE. Substituting all these forces

into Newton’s law, we can express the equation of motion as

 

m
d2r

dt
+mΓ

dr

dt
+mω2

0r = −eE (3.25)

In the classical description, Equation 3.25 involves two approximations. Firstly, the nu-

cleus is assumed to have infinite mass, which stays stationary during the electron’s motion.

Secondly, we neglect the magnetic force (FM ) arising from the magnetic field (B) acting

on the electron, defined as FM = −eυ×B/c. The magnetic force can be negligible, due to

the small collective electron velocity (significantly smaller than c) under the effect of an

external field. Considering that the electric field has a temporal harmonic dependence as
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E = Ee−iωt, the electron cloud displacement r = re−iωt. Substituting E and r to Equation

3.25 we get

 

r = −eE

m

1

ω2
0 − ω2 − iΓω

(3.26)

The induced dipole moment, as a result of the displacement r of the electron cloud, is

p = −er and using Equation 3.26

 

p =
e2E

m

1

ω2
0 − ω2 − iΓω

(3.27)

Supposing that the electric field and displacement are quite small, have no dependency

Assuming small electric field and displacement, with ω0 and Γ being independent of the

electric field intensity, a linear relationship exists between the dipole moment and the

electric field, given by p = α(ω)E, where

 

α =
e2

m

1

ω2
0 − ω2 − iΓω

(3.28)

is the atomic polarizability in case of a one electron atom. This parameter is frequency-

dependent and as a complex parameter, has an imaginary term which provides that there

is a phase difference between electric field and the dipole moment. In a real material of

many atoms, all the dipole moments together consist the macroscopic polarization:

 

P = nαE = χeE (3.29)

where N is the number of atoms per unit volume, and χe the electric susceptibility. We

can now define, from the electric displacement, the dielectric function ε(ω) as

 

ε(ω) = 1 +
4πNe2

m

1

ω2
0 − ω2 − iΓω

(3.30)

Considering classical atoms with more than one electron per atom, we can extend the pre-

vious expression to N types of electrons with the corresponding orbitals. Finally combin-

ing the contribution of free-electrons (intraband transitions which are described by Drude

model) and the contribution of bound electrons (interband transitions which are described

by Lorentz-model, we result to the Drude-Lorentz model for the dielectric function  

ε(ω) = 1 +
4πe2Nfree

m

1

ω2 + iγω
+

4πe2Nbound

m

N∑
j=1

fj
ω2
0j − ω2 − iΓjω

(3.31)

where γ is to the friction of free electrons, due to the scattering with phonons and impuri-

ties, and fj the oscillator strength, which is the partial contribution of each type of electron

and satisfies
∑N

j=1 fj = 1 for free electrons. In practice, there are numerous orbitals and

transitions, but there is no need to explicitly consider each one. Instead, fitting and focus-

ing on a selective group of characteristic Lorentzians could be a good approximation. The

dielectric function then takes the common form

 

ε(ω) = ε∞ +
ω2
p

ω2 + iω
τ

+
N∑
j=1

∆εjΩ
2
j

Ω2
j − ω2 − iΓjω

(3.32)
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Where ε∞ represents the dielectric function at much higher frequencies, the plasma fre-

quency (ωp) is given by ωp =
√

4πe2Nfree

m
, where Nfree is the free electron density, e is

the elementary charge, and m is the electron mass. The free electrons’ relaxation time is

τ = 1/γ, while the oscillation strength is determined by ∆εj = 4πe2Nboundfj/(mΩj),
where Ωj is the transition frequency and Γj is the decay rate of each Lorentz term, respec-

tively. All these parameters are fitted to experimental refractive index (n) data, obtained

from ellipsometry measurements. For non-magnetic materials, the dielectric function is

ε = n2 and thus, ε = ε1+ iε2, where ε1 and ε2 are the real and imaginary parts of refractive

index and n and k are the real and imaginary parts of dielectric function.

Figure 3.7 illustrates the dielectric functions of gold (Au) and silver (Ag), used in

Chapters 5, 6 and 7 of this thesis. The associated Drude-Lorentz fits, referring to Equa-

tion 3.32, are depicted as continuous lines, and the fitting parameters are specified in the

paragraph below.

Figure 3.7: Drude-Lorentz fits of gold (left) and silver (right) dielectric functions for se-

lected noble metals (typically used as plasmonic materials). The colored points correspond

to experimentally determined values (from Johnson and Christy [22]).

We fitted Johnson and Christy’s experimental data [22], represented in the same fig-

ure as colored squares. The fitting parameters for Au are N=4, and ε∞=4.054, ∆εj=(0.43,

0.634, 0.755, 1.059), }ωp=8.76 eV, }γ=0.068 eV, }Ωj=(2.67, 3.03, 3.54, 4.23) eV, and

}Γj=(0.458, 0.641, 0.892, 0.959) eV. Respectively, in case ofAg, we use N=4, and ε∞=2.492,

∆εj=(0.119, 0.188, 0.266, 0.605 ), }ωp=9.189eV, }γ=0.0167eV, }Ωj=(1.45, 1.98, 2.62,

4.73) eV, and }Γj=(0.165, 0.281, 0.511, 1.231) eV. Still, the simplicity and straightfor-

ward applicability of the Drude-Lorentz model, as discussed above, remains an important

tool to model the optical response of materials in nanophotonics.

3.2.2 Distributed Bragg Reflector (DBR) - Optical Cavity

Distributed Bragg Reflectors (DBRs), also referred to as one-dimensional photonic crys-

tals or dielectric mirrors, are an excellent alternative to metallic mirrors, exhibiting low

losses in the visible and infrared radiation range [58–61]. Conversely, metallic mirrors

exhibit a broader reflection bandwidth, compared to dielectric mirrors, reflecting almost

all incident light angles. Nevertheless, omnidirectional dielectric mirrors have also been

developed recently [62]. DBR omnidirectionality is explored in Chapter 7. Here, we
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consider only the normal-incidence case. The appropriate combination of a number of di-

electric layers offers the possibility of effectively implementing a variety of basic optical

structures, such as Bragg reflectors. Specifically, a DBR consists of identical alternating

layers of high (h) and low (l) refractive indices, as shown in Figure 3.8.

Figure 3.8: Schematics of a single DBR reflector, consisted of N dielectric pairs, in normal

incidence.

The optical thicknesses are typically chosen to be quarter-wavelength long, i.e., nhdh =
nldl = λ0/4 (following the condition for maximum reflection) at some operating wave-

length λ0. The standard arrangement is to have an odd number of layers, with the high

index layer being the first and last layer. The quantitative description of the propagation of

electromagnetic waves is performed using the Transfer Matrix Method, which is analyzed

in Chapter 4. In this chapter, we will examine a system of multiple pairs of dielectric lay-

ers. We will proceed to calculate the reflection and transmission coefficients, but in this

case for an arrangement as shown in Figure 3.8 with a number of periods N. The alternat-

ing placement of dielectric layers is periodic, with a period a = dh + dl, for N pairs of

dielectric layers. The variation of fields along period a is found as generally described in

Chapter 4.

 

Ea = Pnl,dlInl,n2Pn2,d2In2,n1E
0 = M · E0 (3.33)

Transfer Matrix (M) of the unit cell is similar with that of a single layer, with the only

difference that the first and last elements change. Matrix M can be written as

 

M11 = eik1(a−d2)[cos(k2d2) +
i

2
(
n2

n1

+
n1

n2

)sin(k2d2)]

M12 =
i

2
(
n2

n1

− n1

n2

)sin(k2d2)

M22 = e−ik1(a−d2)M∗
11

M21 = M∗
12

(3.34)

The dielectric function is the periodical function of distance with period a
 

ε(x+ a) = ε(x) (3.35)

Considering Bloch-Floquet theorem, we know that the solutions of Equation 3.33 are

 

Eq(x) = eiqxu(x) (3.36)
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where the vector function u(x) is periodic, u(x + a) = u(x), and q is the wave vector

describing the spatial properties of the solution. The fundamental property of Equation

3.36 is that if it is shifted by one period a, the solution remains unchanged, except for an

additional phase, and can be written as

 

Eq(x+ a) = eiqaE(x) (3.37)

By combining Equation 3.33 with Equation 3.37 and writing E in detail,

 

M

(
A
B

)
= eiqa

(
A
B

)
(3.38)

which is a classical eigenvalue problem, and its solution is obtained by diagonalizing M.

For frequencies within the gap, q is imaginary, and thus instead of propagating waves,

the solution consists of waves that exponentially decay in space. In a finite system like

this, every incident wave with the appropriate frequency will be reflected. The greater

the number of layers, the higher the reflection. Such a system constitutes a perfect mirror,

despite being composed of a periodic arrangement of transparent layers, and as mentioned

above is a dielectric (or Bragg) mirror. The reflection and transmission for such a system

with N periods, can be calculated by transfer matrix M of unit cell, whose elements are

shown in Equation 3.34.

 (
AN

BN

)
= MN

(
A1

B1

)
(3.39)

Calculating MN matrix, it will be easy to derive the optical parameters of reflection and

transmission. Continuing from Equation 3.37, we write matrix M as a function of its

eigenvalues and eigenvectors

 

M = Ψ

(
eiqa 0
0 e−iqa

)
= ΨΦΨ−1 (3.40)

where the columns of the matrix Ψ are the eigenvectors of M. Finally,

 

M = [ΨΦΨ−1]N = ΨΦNΨ−1 (3.41)

So the solution is found after multiplying three matrices. After a bit of algebra matrix M

becomes

 

MN =

(
M11sinNqa−sin(N−1)qa

sinqa
M12sinNqa

sinqa
M12sinNqa

sinqa
M22sinNqa−sin(N−1)qa

sinqa

)
(3.42)

and transmission T = 1/(1 +R/T ) = 1/(1 + |M12|2) can be derived by

 

T =
1

1 + |M12|2 sin
2Nqa

sin2qa

(3.43)

In Figure 3.9 (black curve), the transmittance coefficient of the dielectric Bragg mirror is

plotted for N = 10 periods.
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Figure 3.9: Optical trasmission as a function of incident wavelength in case of a single

DBR (black line) and a double DBR optical cavity (red line). On top inset is illustrated

a schematic of the double DBR cavity; moreover the red curves correspond to e-field

intensity partial distribution (1st cavity order).

It is noteworthy that the minimum value of transmission within the gap decreases ex-

ponentially as the number of periods increases. For each new period added, the transmis-

sion coefficient decreases by a factor of 10. This is an interesting, and well-known result,

considering that the materials composing the alternating layers are completely transparent.

In the case where periodicity is broken, e.g. by changing central layer dimensions,

a disturbance appears in the optical response creating an imperfection, as schematically

shown in the top inset of Figure 3.9. Transmission of a DBR imperfection is also shown

in Figure 3.9, where we can observe a slight change in the shape of transmission around

the gap, and a dramatic change within the gap. A high transmission coefficient is notice-

able, which appears in a very narrow frequency range inside the gap (red curve). Another

way to think about this device is as consisting of two individual mirror segments, which

are spaced apart by a distance d. In this case, light can be trapped between them, just

like in any cavity formed by two mirrors. So, we notice the creation of a cavity with a

characteristic frequency inside the gap. Light can pass through the entire system only if

its frequency coincides with the frequency of the cavity. This mechanism is similar to the

resonance in quantum tunneling, where light passes through using the cavity as an inter-

mediate pathway. Such arrangements function as excellent spectral filters for isolating

specific frequencies.

The position of cavity frequency within the gap depends on thickness d of the cav-

ity. If there is a match of imperfection to λ/2 condition of maximum transmission (i.e.,

d = λ/2ncavity), the resonance will appear near the center of the gap. The closer it appears
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to the center of the gap, the higher are the reflections from the mirrors, and thus the more

precisely localized it will be. The spectral width of the cavity resonance depends on the

”depth” of the gap, and thus, both on its position in the gap and the number of periods on

each side. Better mirrors are assumed to have a larger N number, and thus narrower spec-

tral width. The ratio of frequency ω, at which cavity resonance appears, to the frequency

range ∆ω (as measured at half of its maximum value) is known as the quality factor Q of

the cavity

 

Q =
ω

∆ω
= 2π

stored energy

decaying energy per cycle
(3.44)

The physical significance of this is that the lower quality factor Q (larger spectral width of

initial and final states),corresponds to the faster rate of de-excitation (atomic excitation).

3.2.3 Optical Waveguides

Optical waveguides consist of dielectric material structures with a core region, possessing

a higher refractive index compared to its surroundings. Electromagnetic waves guided by

these structures propagate within and around the core. The core’s transverse dimensions

are either comparable to or smaller than the optical wavelength [63, 64]. The simplest

optical waveguide is the planar type, depicted in Figure 3.10(a).

Figure 3.10: (a) Electromagnetic wave propagation in a planar waveguide. (b) The rela-

tions between propagation constants in y, z and wave-normal directions.[64]

Considering the waveguide height as h, we assume that propagation occurs in the z
direction, while light is confined in the y direction due to total internal reflection. The zig-

zag path, depicted in the above figure, gains significance as it represents the wave-normal

direction of light propagating through the waveguide with wavevector k = k0n1. Further
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explanation could be provided using an associated diagram (Figure 3.10(b)), where there

is a decomposition of wavevector k into two components in the y and z directions. This

decomposition can be analyzed using simple trigonometry as

 
kz = n1k0sin(θ1)

ky = n1k0cos(θ1)
(3.45)

Once the propagation constant in the y direction is determined, we can assume a wave

propagating in that direction. As this theoretical wave encounters reflections at each in-

terface, there is a possibility of a standing wave forming across the waveguide in the same

direction. Consequently, we can sum all the phase shifts, introduced during one com-

plete ’round trip’ across the waveguide and back again. For a waveguide of thickness h
(resulting in a traversed distance 2h), a phase shift is introduced as follows

 

φh = 2kyh = 2k0n1hcosθ1 (3.46)

It is evident that phase changes occur upon reflection at both the upper and lower bound-

aries of the waveguide. Therefore, denoting these phase shifts as φu and φl, respectively,

we derive the total phase shift by  

φ∗
total = 2kyh = 2k0n1hcosθ1 − φu − φl (3.47)

To ensure the preservation of a wave across the waveguide, the total phase shift must be a

multiple of 2π. Hence,

 

2kyh = 2k0n1hcosθ1 − φu − φl = 2mπ (3.48)

where integer m = 0, 1, 2... It is noteworthy that since m is an integer, a series of discrete

angles θ will exist for which Equation 3.48 can be solved, corresponding to integral values

of m. For each solution, there will consequently be a corresponding propagation constant

in the y and z directions for each polarization. This highlights that light cannot propagate

at just any angle θ, but only at one of the permitted discrete angles. Each permitted solution

is a mode of propagation, with the mode number being determined by the integer value of

m. The first TE mode, also known as the fundamental mode, is described as TE0. Higher-

order modes are similarly described using the appropriate m value. Moreover, a further

limitation on m is noticeable, indicating a restriction on the number of modes that can

propagate within a given waveguide structure. These limiting conditions arise when the

propagation angle θ1 falls below the critical angle at either the upper or lower waveguide

interface.

Next, we can solve Equation 3.48, which describes the discrete nature of waveguide

modes. The planar waveguide, depicted in Figure 3.10(a), consists of an upper cladding

with a refractive index of n3 and a lower cladding with a refractive index of n2. In case

where n2 = n3, the waveguide is termed symmetrical since identical boundary conditions

apply at both the upper and lower interfaces. Considering the slightly more intricate asym-

metrical planar waveguide where n2 6= n3. We can approach a simplified analysis where

the phase change upon reflection at the upper and lower waveguide boundaries will not

be identical. The eigenvalue equation for TE modes becomes

 

[k0n1hcosθ1 −mπ] = tan−1[

√
sin2θ1 − (n2/n1)2

cosθ1
] + tan−1[

√
sin2θ1 − (n3/n1)2

cosθ1
]

(3.49)
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Equation 3.49 can be solved either numerically or graphically to determine the propagation

angle θ1 for a given value of m. However, it is noteworthy that there might not always be

a solution to this equation (m = 0), because one of the terms within the square roots on

the right-hand side could potentially be negative. This occurs because the critical angle

for the waveguide is determined by the larger of the critical angles of the two waveguide

boundaries. It is obvious that, for total internal reflection at both waveguide boundaries,

the propagating mode angle have to surpass both critical angles. However, the mode angle

of the waveguide may not meet the condition for both critical angles, if the guide is too

thin (i.e., h is small) or if the refractive index difference between the core and claddings

is too small.

In some applications, it is desirable for a waveguide to exclusively support a single

mode for a specific polarization of light (as needed in integrated TMD-based LEDs of

section 7.6). Such a waveguide is commonly referred to as single-mode. Figure 3.11

shows a dispersion diagram for a planar single-mode SiN waveguide at around λ0=700

nm.

Figure 3.11: Dispersion diagram of a planar single-mode SiN waveguide.

In order to derive a single-mode angle condition, we consider TE polarization eigen-

value solution for a symmetrical waveguide (for simplicity), produced below

 

tan[
k0n1hcosθ1 −mπ

2
] = [

√
sin2θ1 − (n1/n2)2

cosθ1
] (3.50)

Considering the second mode (m = 1), the limiting condition for this mode is that the

propagation angle equals the critical angle. In this case, the square-root term in the equa-

tion reduces to zero. Since the propagation angle for the second mode will be less than

for the fundamental mode (m = 0), for all angles greater than this critical angle, the

waveguide will be single-mode. Equation 3.50 reduces to

 

tan[
k0n1hcosθc − π

2
] = 0 (3.51)

where cosθc =
π

k0n1h
= λ0

2n1h
. So, the single-mode condition will be
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θc < cos−1(
λ0

2n1h
) (3.52)

Similar expression can be derived from TM eigenvalue equation.

3.3 Dipole Emission: Spontaneous decay rate and Opti-

cal Local Density of States (LDOS)

The radiation emission from a classical oscillating electric dipole serves as a classic exam-

ple for elucidating the principles of LED emission, studied for planar cavity and antenna-

coupled devices in Chapter 7. Notably, the expression for power emitted by a classical

dipole shares the same mathematical formula as the spontaneous emission rate of a (two-

level) quantum emitter, derived by quantum electrodynamics (QED) [11, 65–67]. De-

spite this, a purely classical description of the optical interaction between a dipole and its

surroundings proves valuable, concerning the optical local density of states (LDOS), the

Purcell enhancement [6, 11, 68] e.t.c.

3.3.1 Electric Dipole in homogeneous medium

Power radiated by a classical dipole can be calculated considering a current distribution

with harmonic time-dependence in a linear and homogeneous medium. We assume two

point charges +q and -q performing linear oscillations with frequency ω, as illustrated in

Figure 3.12 [1].

Figure 3.12: Schematic of an oscillating point dipole with frequency ω (left). Schematic

of dipole charges with distance d (right). P represents the emitted power in distance r from

the center of the charge distance.

Specifically, the instantaneous positions of the charges are ~ρ+ = ẑacos(ωt) and ~ρ− =
−ẑacos(ωt) and the electric charge density can be written

 

ρ(~r, t) = qδ(~r − ~r+(t))− qδ(~r − ~r+(−)) (3.53)

or



CHAPTER 3. PLASMONICS, PHOTONICS AND DIPOLE EMISSION 75

 

ρ(~r, t) = qδ(x)δ(y)(δ(z − acosωt)− δ(z + acosωt)) (3.54)

The current density corresponding to the above charge density is

~J = −ẑqaωδ(x)δ(y)(δ(z − acosωt)− δ(z + acosωt)) (3.55)

The respective electric dipole moment follows the expression

~p = 2ẑqacosωt (3.56)

The above system of two charges is the simplest version of an oscillating electric dipole.

In the following we study any electric dipole moment system with ~p = ~p0cos(ωt). The

dipole radiation potentials are

φ(~r, t) =
hatr~̇p

4πε0cr
= − qaω

2πε0c
sin(ωtR)

ẑr̂

r
(3.57)

and

~A(~r, t) =
µ0~̇p

4πr
= −µ0qaω

2π
sin(ωtR)

ẑ

r
(3.58)

where tR = t− (r/c) the retarded time. The respective radiation fields can be produced,

substituting Equations 3.57 and 3.58 in the general equations ~E = −∇V − (ϑ ~A/ϑt) and
~B = ∇× ~A, as

~E = −µ0ω
2p0

4π
r̂ × (

r̂ × ẑ

r
)cos(ωtR), (3.59)

and

~B =
µ0ω

2p0
4πc

(
r̂ × ẑ

r
)cos(ωtR) (3.60)

The Poynting vector ~S = 1
µ0
( ~E × ~B) for this system takes the form

~S =
µ0ω

4p20
16π2c

(
cos2(ωtR)

r2
)sin2θr̂ (3.61)

According to the Poynting theorem, the emitted power through a spherical surface can be

derived using the following expression [1, 11, 65]

P =

∮
~da~S =

µ0ω
4p20

6πc
cos2(ωtR) (3.62)

While the time-averaged dissipated power can be calculated by

< P >=
1

T

∫ T

0

dtP (t) =
ω

2π
(
µ0ω

4p20
6πc

)

∫ T

0

dtcos2(ωtR) (3.63)

where <cos2(ωtR)>=1/2 and finally, we obtain

< P >=
µ0ω

4p20
12πc

(3.64)

which is the well-known Larmor formula for the power radiated by a classical oscillating

electric dipole [1, 11, 69].
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3.3.2 Electric Dipole in inhomogeneous medium: Spontaneous emis-

sion rate, LDOS and Purcell enhancement

When considering a inhomogeneous environment, it is useful to decompose the total elec-

tric field at the dipole’s origin. Specifically, the field, involved in Equation 3.59, into a

primary field E0 and an additional scattered component Escat.

E = E0 + Escat (3.65)

We can notice, from the description of dipole emission in the previous subsection, that the

presence of an inhomogeneity in the medium changes the rate of energy’s dissipation. This

arises from the fact that the total field at the position ~r (see Figure 3.12) is the combination

of the dipole’s primary field along with the dipole’s field, generated at an earlier time, after

scattering in the non-uniform environment. The normalized spontaneous decay rate of a

quantum emitter γ, relative to its value in the vacuum γ0, equals the power radiated by a

classical dipole P, normalized with P0 [11]. This relationship can be expressed as

γ

γ0
=

P

P0

(3.66)

In the weak-coupling regime, the decay of the excited state population of a quantum emit-

ter decays exponentially over time, characterized by a fluorescence lifetime (τ ) equal to

(γ−1), where γ represents the spontaneous decay rate. We study a two-level system with

an excited state |i > and ground state |j >, Bohr frequency ωij , and dipole transition

pij =< i|M |j >, where M is the electric dipole operator. Starting from the time-averaged

power emitted by a classical dipole equation (Equation 3.64) [70], with ω replaced by

the Bohr frequency ωij , we can derive the decay rate (average number of quantum transi-

tions per unit time) by dividing the power by the quantum energy }ωij and replacing the

classical dipole moment p0 with the transition dipole pij . It is noteworthy that a quan-

tum mechanical computation of the spontaneous emission rate through Fermi’s golden

rule establishes a link between γ rate and the local density of states (LDOS), denoted as

D(r, ωij). Specifically, the relationship [11] is expressed as

γ =
πωij

3}ε0
p2ijD(r, ωij) (3.67)

Specifically, in vacuum, the LDOS is given by

D0(r, ω) =
ω2

π2c3
(3.68)

and the spontaneous decay rate follows the expression

γ0 =
ω3
ij

3π}ε0c3
p2ij (3.69)

The change in spontaneous decay rate γ/γ0, due to the structured environment was orig-

inally calculated by Purcell in the simple case of a single-mode cavity [71]. Using the

expression of Equation 3.69 for the spontaneous decay rate in vacuum, the normalized

decay rate can be written as

γ

γ0
=

3

4π2
λ3
ij

Q

V
(3.70)
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where λij = 2πc/ωij and Q = the quality factor. This is the result given by Purcell [71]

and the right-hand side is usually referred to as the Purcell factor.

As established in Purcell’s work, the rate of spontaneous emission is not an intrinsic

characteristic of the emitter and can be altered by the environment [11, 65, 72–74]. No-

tably, the dynamics of emitter decay rates can be significantly enhanced close to material

interfaces. In the case of plasmonics, the LDOS of an emitter can be exceedingly ampli-

fied by orders of magnitude, due to the presence of plasmon resonances [29, 75, 76]. This

plasmon-assisted Purcell enhancement stands out as a distinctive feature of plasmonics,

and will be discussed in case of planar cavity and/or antenna-coupled light emission in

Chapter 7.
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Chapter 4

Computational and analytical methods

In this chapter, we introduce the computational tools used throughout this thesis. We

begin by discussing the methods used to extract the optical response of studied structures,

namely the Transfer Matrix Method (TMM), used in Chapter 6, the Finite Difference Time

Domain (FDTD), our main tool to describe optical response in Chapters 5 and 7, and

Finite Difference Eigenmode (FDE), employed in section 7.6, computational methods.

Subsequently, we provide a brief overview of Runge-Kutta computational method, utilized

for handling rate equations and numerical integrations within the simulation framework,

used in section 6.2.

4.1 Transfer Matrix Method (TMM)

Transfer Matrix Method (TMM) stands out as a powerful tool for analyzing the propaga-

tion of light through a stratified optical medium, such as a multilayer stack with varying

thicknesses d and optical constants n (as depicted in Figure 4.1) [1–4].

Figure 4.1: Schematic representation of a multilayer stack, consisting of N layers, with

thicknesses dj and complex refractive indices nj . We assume an incident plane wave

i+, incoming from a semi-infinite medium n0 at an angle θ0 (wavevector k0). The re-

flected wave to free-space r− and transmitted wave through the multilayer stack t+ are

also shown. The positive and negative signs, represent propagated wave direction to right

and left of z-axis, respectively.

The fundamental concept of TMM lies in establishing a connection between the elec-

tric and magnetic fields at a specific position and their respective values at different po-

sitions through a 2×2 matrix, known as the transfer matrix. This matrix is composed of

two distinct components, the interface matrix, which relates the fields across a material
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interface, and the propagation matrix, which characterizes the propagation of a plane wave

across a uniform medium.

Once the transfer matrix is derived, it becomes feasible to determine the reflection

and transmission coefficients of a multilayer stack. Additionally, the absorptivity of each

absorptive layer within a stack can also be extracted [5, 6]. However, despite its effective-

ness, TMM has some limitations, such as that it can only analyze the response of a given

structure for a single wavelength at a time (as a frequency domain method). Nonetheless,

this limitation can be improved by the rapid calculation of this method. Οbtaining the

response for a broad spectrum can be achieved by performing the calculation repeatedly

for each individual wavelength. The most significant limitation of TMM is its assumption

that all layers are isotropic and extend infinitely in the plane perpendicular to the direction

of propagation (see Figure 4.1). Consequently, the layers that are simulated must have

sufficient widths to prevent inaccuracies caused by this assumption. Furthermore, TMM,

as utilized in this context, lacks the capability to integrate 2D or 3D geometric features,

making it essential as a 1D method.

4.1.1 Interface Matrix

Considering the basic case of an interface between two adjacent materials with complex

refractive indices nj and nj+1. In this general case, waves are incoming from both direc-

tions. A schematic, illustrating the relevant plane waves, under the simplified condition

of normal incidence, is presented in Figure 4.2.

Figure 4.2: Schematic representation, for normal incidence, of TE- (a) and TM- (b) po-

larization of plane wave propagation through an interface between two adjacent materials

with refractive indices nj and nj+1.

The outgoing waves on each side of the interface will result from the combination

of the reflected amplitude of one incoming wave with the transmitted amplitude of the

opposite incoming wave. By enforcing the boundary conditions for E and H directly at

the interface, the electric field amplitudes on each side of the interface can be related to

[1, 4] (
E+

j+1

E−
j+1

)
= Ij,j+1

(
E+

j

E−
j

)
(4.1)
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where Ij,j+1 is the interface matrix for the transition of layered material j to its adjacent

j + 1. This matrix depends on wave polarization, so Ij,j+1 for TE polarization is

ITE
j,j+1 =

1

2

(
1 +

njcosθj
nj+1cosθj+1

1− njcosθj
nj+1cosθj+1

1− njcosθj
nj+1cosθj+1

1 +
njcosθj

nj+1cosθj+1

)
(4.2)

where nj , nj+1 the complex refractive indices and j , j+1 the propagation angles at the

respected layers. Transition matrix in case of TM polarization is

ITM
j,j+1 =

1

2

(
nj

nj+1
+

cosθj
cosθj+1

nj

nj+1
− cosθj

cosθj+1
nj

nj+1
− cosθj

cosθj+1

nj

nj+1
+

cosθj
cosθj+1

)
(4.3)

Assuming angle-incidence, from a material layer with index n0 at an angle θ0 (see Figure

4.1), and utilizing Snell’s law, we can deduce that the angle at which propagation occurs

within each layer, is determined by

cos(θj) =

√
1− (

n0

nj

)2sin2θj (4.4)

4.1.2 Propagation Matrix

In order to determine the propagation of light through a uniform medium, characterized by

an index nj and thickness dj , we assume the presence of a wave traveling in the positive

z-direction, with amplitude E+
j , and another traveling in the negative z-direction, with an

amplitude E−
j . Following the propagation through this medium, the light is described by a

phase factor φj = 2πnjdjcosθj/λ. The wave amplitudes after propagating a layer Ez+dj
,

with index nj and thickness dj , are related to those at the initial position Ez through the

expression below (
E+

z+dj

E−
z+dj

)
= Pj

(
E+

z

E−
z

)
(4.5)

where the propagation matrix Pj =

(
eφj 0
0 eφj

)
has no dependence to wave polarization.

4.1.3 Reflection, Transmission and Absorption coefficients

Transfer matrix M for a multilayer stack comprising N layers, as illustrated in Figure 4.1,

can be obtained using the matrices, described in previous subsections, for the transition

across individual layers I and the propagation of light through them P . Assuming light

incoming from the semi-infinite material n0, with initial amplitude Ei = 1 and exits at the

semi-infinite material with nN+1 (where no incoming light from the N+1 layer is consid-

ered), the amplitudes of the incident (1), reflected (Er), and transmitted (Et) waves can

be derived by (
Et

0

)
= M

(
1
Er

)
(4.6)

where the final 2×2 transfer matrix M is

M = IN,N+1PNIN−1,N ...I1,2P1I0,1 (4.7)
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Using Equation 4.6, reflection (R) and transmission (T) coefficients of the multilayer stack

can be defined as

R = |Er

Ei

|2 = | − M21

M22

|2 (4.8)

and

T = (
nN+1cosθN+1

n0cosθ0
)|Et

Ei

|2 = (
nN+1cosθN+1

n0cosθ0
)|detM

M22

|2 (4.9)

Assuming the existence of lossy layers in the multilayer structure, total absorption of the

entire layered medium is

A = 1−R− T (4.10)

The absorption within a specific lossy layer can be obtained by

Aj = Sj−1 − Sj+1 (4.11)

where Sj−1, Sj+1 are the radiative fluxes of electromagnetic energy through the previous

and next layer (in respect to layer j) and are defined by

Sj = <{njcosθj
n1cosθ1

}(|E+
j |2 − |E−

j |2)− 2={njcosθj
n1cosθ1

}={E+
j E

−
j
∗} (4.12)

where E+
j and E−

j correspond to the electric fields in layer j propagating in both light

directions, as shown in Figure 4.1.

4.2 Finite Difference Time Domain(FDTD) Method

Investigating structures that involve reflections, interference, and scattering requires tools

for simulating light propagation. Several methods can be utilized, including the Transfer

Matrix Method (TMM), described in the previous section 4.1, Coupled Mode theory (used

in a brief description of critical coupling mechanism in section B.1), beam propagation

method, and eigenmode expansion method. Each of these methods presents distinct pros

and cons in terms of accuracy, computational resources and suitability for selective ap-

plications. Among these techniques, the Finite-Difference Time-Domain (FDTD) method

emerges as one of the most widely used and adaptable techniques in computational elec-

trodynamics [7].

4.2.1 The Yee algorithm

FDTD method relies on an algorithm developed by K. S. Yee [8]. This algorithm dis-

cretizes both space and time, dividing space into Yee cells (as depicted in Figure 4.3),

which represent arbitrary geometries. Time is discretized into small time-steps based on

the time it takes for light to travel between cells. The electric and magnetic field com-

ponents are arranged in Yee cells in a manner that satisfies Maxwell’s curl equations and

facilitates the use of second-order central differences for calculating space derivatives. The

continuity of electric and magnetic fields is maintained across material interfaces parallel

to any coordinate axis. Utilizing central difference operations, Gauss’s laws are enforced,
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resulting in a mesh that is divergence-free, when there is no existence of electric or mag-

netic charges. Yee formulation also enables the use of second-order central differences in

solving the time derivatives of Maxwell’s curl equations.

In FDTD method, subsequent time-stepping is employed, where H field computa-

tions are performed at each time-step using E field data from the previous time-step.

This process continues until the simulation converges. Subsequent time-stepping is non-

dissipative, ensuring that waves propagating across the Yee mesh do not decay due to

artifacts, thereby enhancing the validity of this method. However, FDTD suffers from

numerical dispersion, resulting in a frequency-dependent variance between numerically

propagated waves and actual light waves. Ensuring algorithm stability necessitates to fol-

low the Courant stability criterion, which relates spatial grid size and time-step.

Figure 4.3: Schematic representations of a TE and TM 2D Yee cell (left) and a 3D box-

shaped Yee cell (right), where E (or H) field components are positioned on the edges and

H (or E) field components are on the faces.

Here, we explore how the optical behavior of dispersive materials is included in Maxwell

equations and solved using the FDTD method. The curl Maxwell equations inside mate-

rials are the following

∇× E = −µ
∂H

∂t
(4.13)

∇×H =
∂ε0(E + ε(ω)E)

∂t
(4.14)

Where the frequency-dependent dielectric function of material, which characterizes its

dispersion, is ε(ω). Material dispersion is considered by adopting a Drude-Lorentz model

for ε(ω), although other dispersive models (such as the Debye model, Plasma frequency

model, etc.) can also be integrated [9, 10]. As extensively described in subsection 3.2.1,

in the framework of Drude-Lorentz model, ε(ω) is expressed by Equation 3.32 [11]. Ex-

pressing the polarization P = ε(ω)E of the material as the sum of the Drude contribution,

denoted as PD and, each of the N Lorentz contributions, denoted as Pj , Equation 4.14 can

be reformulated as

∇×H = ε0ε∞
∂E

∂t
+

∂PD

∂t
+

N∑
j=1

∂Pj

∂t
(4.15)
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To incorporate material dispersion, FDTD employs time-domain differential equations for

both Drude (PD) and each Lorentz (Pj) polarization terms.

∂2PD

∂t2
+ γD

∂PD

∂t
= ω2

P ε0E (4.16)

∂2Pj

∂t2
+ Γj

∂Pj

∂t
+ Ω2

jPj = ∆jEΩ2
jε0 (4.17)

To integrate Eqs. 4.16 and 4.17 into the FDTD algorithm, they need to be time-stepped,

through the utilization of central differences (i.e., ∂F/∂x = (F (x + ∆x/2) − F (x −
∆x/2))/∆x). Obtaining ADE for Drude polarization term of Equation 4.16, we can write

[10]

PD
n+1 = c1,DP

D
n + c2,DP

D
n−1 + c3,DEn (4.18)

Similarly, the ADE for each Lorentz polarization term of Equation 4.17 becomes [10]

P j
n+1 = c1,LP

j
n + c2,LP

j
n−1 + c3,LEn (4.19)

Where c1,D = (4∆tγD + 2)/(∆tγD + 2), c2,D = (∆tγD − 2)/(∆tγD + 2) and c3,D =
(2ε0∆tωp)/(∆tγD + 2) are the parameters used in Drude polarization term and c1,L =
(4− 3∆t)/(2∆tΩ2

j), c2,L = (∆Γj − 2)/(∆Γj + 2) and c3,L = (2ε0∆t∆εjΩ
2
j)/(∆Γj + 2)

are those for each Lorentz polarization term.

Figure 4.4: Schematic representation of a TE-polarized 1D Yee grid discretized in space

(z) and time (t).

Considering a 1D Yee grid with TE-polarized propagating light, as illustrated in Figure

4.4, we can derive Maxwell’s curl equations using the central differences as

(∇× E)y = −µ
∂Hx

∂t
(4.20)
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(∇×H)x = ε0ε∞
∂Ey

∂t
+

∂PD

∂t
+

N∑
j=1

∂Pj

∂t
(4.21)

Assuming an isotropic polarization for Drude and Lorentz terms, from Eqs. 4.20 and 4.21,

we obtain both magnetic Hx

Hx|n+1/2
k+1/2 = Hx|n−1/2

k+1/2 +
∆t

µ∆x
(Ey|nk+1 − Ey|nk) (4.22)

and electric Ey field components

Ey|n+1
k = Ey|nk −

1

ε0ε∞
(PD|n+1

k − PD|nk)−
1

ε0ε∞

N∑
j=1

(Pj|n+1
k − Pj|nk)

+
∆t

ε0ε∞∆z
(Hx|n+1/2

k+1/2 −Hx|n+1/2
k−1/2)

(4.23)

Using the calculated quantities of PD and Pj from Eqs. 4.18 and 4.19, respectively, E

field can be derived and utilized to determine H field in the following time-step. The

Yee algorithm proceeds with this subsequent time-stepping approach until the simulation

satisfies convergence criteria and computation finishes. The respective equations for TM

polarization, as well as for 2D and full 3D Yee grids (see Figure 4.3), can be similarly

derived. To obtain frequency-dependent fields, a Fourier transformation is applied to the

time-domain results. Throughout this thesis, FDTD simulations were conducted using the

commercial FDTD solver Lumerical FDTD Solutions.

4.2.2 EM Sources in FDTD

Various electromagnetic sources can be utilized in FDTD simulations. In this thesis, two

main sources were employed, such as a plane wave source and a dipole source (secon-

darily a mode source). Each of these sources is utilized for a different reason in injecting

electromagnetic energy into the simulation area.

Specifically, plane wave source is utilized to introduce laterally-uniform electromag-

netic energy from one side of the source region. In two-dimensional simulations, it in-

jects energy along a line, while in three-dimensional simulations, it injects energy along a

plane. On the other hand, a dipole source can be utilized to excite modes of cavities and

resonators, or represent a point source, which emits a dipole radiation pattern (e.g. the

spontaneous emission in LED devices). There are two types of dipole sources, the electric

and magnetic dipoles. The electric dipole, used in this thesis, is equivalent to an oscillat-

ing point charge, whereas the magnetic dipole is equivalent to a current loop. Finally, the

mode source can be utilized for injecting guided modes into the simulation area. By spec-

ifying the center location and span of mode source, guided modes for a selected structure

can be computed. In three-dimensional simulations, these modes are computed across a

plane, while in two-dimensional simulations, they are computed across a line. From a list

of available modes, the desired mode can be selected for injection into the simulation area.

4.2.3 Boundary Conditions (BCs) in FDTD simulation

FDTD simulations offer the capability to calculate electric (E) and magnetic (H) fields

at every point within the finite computational domain. In this simulation domain, it is
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necessary to apply artificial boundaries, in order to adapt to the memory limitations of a

computer. Under these boundaries, reflections and non-physical solutions appear in the

simulation, necessitating special treatment, such as the utilization of Absorbing Boundary

Conditions (ABCs) or Periodic Boundary Conditions (PBCs).

To simulate free-space, ABCs can be utilized surrounding the simulation region with

an absorbing medium. ABCs employ lossy, impedance-matched medium, but they ex-

hibit limitations for non-normal incident angles [9]. The use of Perfectly Matched Layers

(PMLs) [12] can enhance the optical performance, by effectively splitting the field com-

ponents in Maxwell’s equations. Nonetheless, discretization in FDTD method may still

result in spurious reflections. To face these difficulties, uni-axial mediums and complex

frequency-shifted PMLs were developed [13, 14].

When examining a structure that displays periodicity along a specific axis, it is more

efficient to simulate only a single unit cell and apply periodic boundary conditions (PBC)

along that axis. This approach facilitates the repetition of the structure infinitely along the

periodic axis, leading to significant reductions in computational resources. In non-periodic

directions, absorbing boundary conditions (ABCs) can be employed, as mentioned previ-

ously.

4.2.4 Benefits and limitations of FDTD Method

The main benefits of FDTD method stem directly from Yee algorithm [9, 15]. In contrast

to frequency domain methods, FDTD enables obtaining device’s response across a broad

frequency spectrum in a single simulation run, as it addresses Maxwell’s equations in the

time domain. This is proved to be advantageous for broadband applications or unknown

resonant frequencies. Following the Courant stability condition, FDTD exhibits excep-

tional stability. Furthermore, by employing the central-difference approach of the Yee

algorithm, computer round-off errors are minimized. As the fields are numerically prop-

agated across the simulation domain and Maxwell’s curl equations are explicitly solved,

this method avoids fake solutions. FDTD facilitates accurate modelling of dispersive and

non-linear media, facilitating the investigation of various effects, related to linear or non-

linear dielectric and magnetic structures. Additionally, FDTD can handle any geometry,

provided that the grid discretization is fine enough to accurately represent small features.

However, the FDTD method has some limitations [9, 15]. As previously mentioned,

the inherent numerical dispersion of the Yee formulation can be a restriction. This issue can

be improved by employing a finer mesh grid, although this solution requires an increased

number of computational resources. Simulating high-Q structures, where energy dissipa-

tion occurs slowly, FDTD demands lengthy computational times. Finally, approximating

more complex geometries with dimensions smaller than the wavelength of interest, can

be challenging with FDTD. In those cases, there is a need of finer mesh which will extend

the computation time. Furthermore, these limitations can be confined through advanced

meshing techniques, such as conformal meshing.

4.3 Finite Difference Eigenmode (FDE) Method

Eigenmode solvers are computational techniques essential for identifying the permissible

optical modes in waveguides according to their geometry and frequency [7]. Among these

methods, the Finite Difference Frequency Domain (FDFD) method is usually employed

for solving the vector-wave equations derived from Maxwell’s curl equations [16–18].
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FDFD algorithms are especially well-suited for structures exhibiting high-index contrast

and are utilized in full-vector Finite Difference Eigenmode (FDE) solvers [17]. FDE

solvers calculate the spatial profile and frequency dependence of optical modes, by solv-

ing Maxwell’s equations on the cross-section of a waveguide. Waveguide cross-section

is discretized using a 2D Yee mesh [16], similar to the one used to explain FDTD solvers

in section 4.2 (see Figure 4.3). FDE solvers can calculate waveguide mode field profiles,

effective indices and losses.

FDFD method enables the efficient calculation of all field components through the so-

lution of eigenvalue equations and the utilization of coefficient matrices. These matrices

aid in memory storage and enhance computational efficiency. It is noteworthy that close

to complex structures, where field variations are rapid, additional spatial discretization

limitations may be needed, necessitating the use of smaller mesh sizes. Moreover, since

FDE solvers operate in the frequency domain, they require computationally intensive cal-

culations to derive wavelength-dependent outcomes, such as the dispersion relation for a

specific mode. In Chapter 7 of this thesis, FDE simulations were conducted, utilizing the

commercial FDE solver by Lumerical MODE Solutions.

4.4 Runge-Kutta calculation method

The three coupled rate equations (see Eqs. 2.14-2.16), mentioned in previous chapter, can

describe the temporal optical response of graphene-based devices, analyzed in Chapter 6

of this thesis. These equations are commonly utilized alongside TMM, requiring numer-

ous calculations to achieve a broadband result. Additionally, they are incorporated into

self-consistent iterations, often requiring multiple calculations until they reach the con-

vergence. Therefore, it is imperative to efficiently handle them. To address this, 4th order

Runge-Kutta method is employed [19–21]. This method is an explicit iterative technique

widely used for temporal discretization, as illustrated in Figure 4.5.

Figure 4.5: Schematic diagram of the time steps and derivatives of Runge-Kutta calcula-

tion method, that arise from the Equations 4.25.
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For simplicity, we consider an initial differential equation as

f(t, y) =
∂y

∂t
(4.24)

Where function f(t, y) and initial parameters t0,y0 = y(t0) are known. With time-step

∆t > 0, y (for n integer) can be written as

yn+1 = yn +
∆t

6
(k1 + 2k2 + 2k3 + k4)

tn+1 = tn +∆t
(4.25)

Where the four coefficients k1, k2, k3 and k4, shown in Figure 4.5, are

k1 = f(tn, yn)

k2 = f(tn +
∆t

2
, yn +∆t

k1
2
)

k3 = f(tn +
∆t

2
, yn +∆t

k2
2
)

k4 = f(tn +∆t, yn +∆tk3)

(4.26)

In other words, the value yn+1 is determined by adding the previous value yn to the

weighted average of 4 increments. Each increment is the product of the time interval ∆t
and slope k (with additional weight on the middle point slopes). The 4th-order method,

exhibiting O(t4) order accumulation error, is allowed to provide accurate approximate so-

lutions, without requiring excessively small discretization, in contrast to other numerical

methods for ordinary differential equations (such as Euler’s method).
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Chapter 5

SERS of Graphene on Plasmonic Silicon

Substrates

Integrating graphene with plasmonic nanostructures results in multi-functional hybrid sys-

tems with enhanced performance for numerous applications [1–5]. In this chapter, we take

advantage of the remarkable mechanical properties of graphene to combine it with scalable

three-dimensional (3D) plasmonic nanostructured silicon substrates, which enhance the

interaction of graphene with electromagnetic radiation. Our FDTD simulations elucidate

the advantages of 3D topography of the substrate. Arrays of silicon nanopillars, decorated

with gold nanoparticles, are modeled with graphene, which conforms to the substrate nan-

otopography. Two-three orders of magnitude Raman intensity enhancement is obtained at

488, 514, 633, and 785 nm excitation wavelengths, similarly to the highest enhancements

measured to date, concerning surface-enhanced Raman spectroscopy of graphene on plas-

monic substrates [6–17]. Conformation of graphene to Au-decorated silicon nanopillars

enables graphene to sample near fields from an increased number of nanoparticles. Due

to synergistic effects with the nanopillars, different nanoparticles become more active for

different wavelengths and locations on the pillars, providing broad-band enhancement.

Nanostructured plasmonic silicon is a promising platform for integration with graphene

and other 2D materials, for next-generation applications of large-area hybrid nanomateri-

als in the fields of sensing, photonics, optoelectronics and medical diagnostics.

This chapter is based on:

• Kanidi, M., Dagkli, A., Kelaidis, N., Palles, D., Aminalragia-Giamini, S., Marquez-

Velasco, J., ... Kamitsos, E. I. (2019). Surface-enhanced Raman spectroscopy of

graphene integrated in plasmonic silicon platforms with three-dimensional nanoto-

pography. The Journal of Physical Chemistry C, 123(5), 3076-3087.

https://doi.org/10.1021/acs.jpcc.8b10356
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5.1 Introduction

Most of graphene’s photonic and optoelectronic applications [1–5] involve its interaction

with electromagnetic fields, as extensively described in section 2.1. Therefore, enhanc-

ing this interaction is essential. Integrating SLG with plasmonic nanostructures results

in experiencing enhanced electromagnetic near-fields, due to coupling with surface plas-

mon modes, described in section 3.1 [18]. Plasmonic nanostructures in combination with

graphene or other two-dimensional materials have already demonstrated promising po-

tential for the development of high-performance solar cells [19], photodetectors [5, 20],

optical modulators [21], fuel cells [22], as well as chemical and biological sensors [23, 24].

A revealing process for the understanding and exploitation of the interaction of SLG

with plasmonic substrates is Surface-Enhanced Raman Scattering (SERS), which fun-

damentally relies on light−graphene interaction, as described in subsection 2.1.5. En-

hancing the Raman spectrum of graphene is important for understanding the behavior of

graphene on a given substrate, as it allows for the identification of the number of layers,

type of doping, strain, defects, temperature effects, chemical modification, disorder, and

edges, among others [25–27]. The vital dependence of the properties of two-dimensional

(2D) materials on the underlying substrate and the modulation of these properties by sub-

strate engineering have been reviewed recently by Sun et al [28]. Integration of graphene

with plasmonic metallic nanostructures has been shown to enhance the Raman signal of

graphene by 2−3 orders of magnitude [6–17]. To this end, various kinds and geometries

of metallic nanostructures have been employed, including nanodisks [12], nanodots [13],

nanopyramids [11], polygons, dendrites, dense clusters [16], and irregular islands [7, 16],

which resulted in measured enhancement factors of the Raman signal of graphene as high

as 103. However, most of these structures are limited to laboratory size areas, which lack

scalability, constricting real-world applications [29–31]. Furthermore, they are mostly re-

stricted to 2D topographies, usually lying on flat substrates, with which graphene behaves

mainly as a rigid over- or under-layer. Therefore, the challenge remains for integration of

graphene with large-scale plasmonic nanostructures, taking advantage of the mechanical

stability of graphene in three-dimensional (3D) configurations.

Figure 5.1: Schematic of the Raman signal of graphene, when it is on top of nanostructured

silicon (3D) substrate decorated with gold nanoparticles [32].

In this chapter, we exploit the exceptional mechanical properties of graphene, by inte-

grating it with scalable 3D plasmonic nanostructured silicon substrates, as schematically
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illustrated in Figure 5.1. This combination enhances the interaction of graphene with elec-

tromagnetic radiation. The conformation of graphene to Au-decorated silicon nanopillars

allows graphene to sample near fields from an increased number of nanoparticles. Through

synergistic effects with the nanopillars, various nanoparticles become more active across

different wavelengths and locations on the pillars, thus providing broad-band enhance-

ment. Nanostructured plasmonic silicon emerges as a promising platform for integration

with graphene and other 2D materials, enabling next-generation applications of large-area

hybrid nanomaterials in the fields of sensing, photonics, optoelectronics, and medical di-

agnostics.

5.2 SERS measurements of SLG on Si substrates

Raman spectroscopy is a powerful tool for characterizing the structures of graphitic mate-

rials [33, 34], as extensively described in subsection 2.1.5. It has been used to investigate

the behavior of electrons and phonons in graphene, as well as to monitor phenomena, as

mentioned previously, such as doping [35–38], defects [39, 40], strain [41], disorder [42],

chemical modifications [43], and edges [44]. The Raman bands of carbon materials are

highly distinguishable and can accurately reveal subtle changes in crystal structure. For

example, under 514 nm excitation, the characteristic Raman bands of graphene on silicon

substrates include only the G band (1580 cm−1), the 2D band (2680 cm−1), and the 2D′

band (3250 cm−1) [44]. However, Raman bands such as the T band (1087 cm−1), the D

band (1350 cm−1), and the D′ band (1620 cm−1) [45], which belong to the inner layer

Raman active modes of sp2 carbon material, cannot be observed in intrinsic graphene (ex-

cept at its edges). Most of these bands are related to defects in graphene, that may alter its

electronic properties, and have great potential applications in electronic devices [46, 47].

SERS is widely used to detect interaction signals at the interface, due to its nanometer

scale and high surface-selective sensitivity. It not only provides high surface sensitivity

and signal enhancement but can also quench the fluorescence of the substrate to achieve

high-quality Raman signal measurements.

In this study, large areas of femtosecond laser-structured arrays of silicon nanopillars,

decorated with gold nanoparticles, are integrated with graphene, which conforms to the

substrate nanotopography. Experimental Raman spectra of graphene are obtained at four

different excitation wavelengths (488, 514, 633, and 785 nm), covering the entire visible

range, on four different silicon substrates (flat pristine silicon, flat silicon with a 50 nm gold

film, uncoated nanostructured silicon, and nanostructured silicon with gold nanoparticles).

Figure 5.2 shows the measured Raman spectra of graphene on these four different silicon

substrates and selected excitation wavelengths.
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Figure 5.2: Experimental Raman spectra of graphene on flat pristine silicon, flat silicon

with 50 nm gold film, uncoated nanostructured silicon, and nanostructured silicon with

gold nanoparticles measured with (a) 488 nm, (b) 514 nm, (c) 633 nm, and (d) 785 nm

excitation wavelengths. For clarity, Raman spectra have been magnified, when necessary,

by the indicated magnification factors. Measurements performed by M. Kanidi [32].

Since the Raman spectra of graphene on plasmonic silicon substrate exhibit significant

enhancement, the spectra on the other substrates are depicted magnified in Figure 5.2. This

amplification enables the main spectral features to be visible. G and 2D peaks of graphene

are clearly observed in the Raman spectra of all substrates, with notable enhancement on

the plasmonic substrate (dark blue line). This enhancement in Raman scattering intensity

for the plasmonic substrate enables the fine structure of graphene Raman spectrum to be

discerned. Indeed, peaks that are typically challenging to detect in conventional Raman

scattering of graphene on pristine silicon substrates, are now observable.

5.3 SERS on flat substrate

We complement the Raman measurements of section 5.2 with numerical simulations, to

confirm the plasmonic nature of Raman enhancement and gain insight into the effect of

the substrate topography. We use the FDTD method, described in section 4.2 [48, 49],

following the procedure established in reference [13]. We assume that the absorption

at a particular point in graphene is proportional to the locally enhanced tangential field

intensity and that the Raman emission from that point is proportional to the corresponding

Stokes-shifted enhanced intensity. Specifically, for an incident field |Ε0
‖(r, ω)| at point r



CHAPTER 5. SERS OF GRAPHENE ON PLASMONIC SILICON SUBSTRATES 98

on suspended graphene and modulated fields |Ε‖(r, ω)| and |Ε‖(r, ωs)| , when graphene is

on a substrate, we calculate the Raman signal enhancement as:

S(r, ω) =
|E‖(r, ω)|2|E‖(r, ωs)|2

|E0
‖(r, ω)|4

(5.1)

Where ω and ωs are the incident and the Stokes-shifted frequencies. In each calculation,

only the electric field component parallel to the graphene basal plane is taken into account,

as signified by the (‖) subscript. For a flat substrate, is by symmetry the same for every

point and thus yields the final result for enhancement, while for graphene on a corrugated

substrate, integration has to be performed over the entire illuminated area. In our calcu-

lations, we only assume periodic cells and thus the integration is performed over the unit

cell area.

We start with flat substrates, semi-infinite silicon and Au (50 nm)/Si, as shown in

Figure 5.3. Taking the first substrate as the reference case, we plot the calculated G and 2D

Raman enhancement factors, F = SAu/Si/SSi, along with the corresponding experimental

points for G and 2D bands, for the four wavelengths of interest.

Figure 5.3: Measured and simulated Raman enhancement factors for graphene on Au (50

nm)/Si compared to graphene on silicon. The calculated graphene absorption enhance-

ment is also plotted for reference. The solid red and blue lines denote simulation results,

and the symbols denote the corresponding experimental data. Measurements performed

by M. Kanidi [32].

An overall good agreement is found in regard to the spectral dependence, although

there is some scattering in the data for the lower wavelengths. The reason for the large

enhancement at low wavelengths is the very strong quenching in bare silicon case. In

simple terms, for light reflected off a flat surface of a semi-infinite material with complex

refractive index n, the reflected amplitude is r = (1− n)/(1 + n) and the corresponding

total complex field at the surface (where we assume that graphene would be) is E =
1 + r = 2/(1 + n). Assuming graphene on that surface, its absorption is proportional

to σ|E|2 (where σ is the in-plane graphene conductivity), the relative enhancement of
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absorption, compared to graphene suspended in air, is 4/|1 + n|2, and the relative Raman

enhancement is 16/|1+n|4, where we assumed for simplicity zero Stokes shift. Here, we

have to note that the above considerations are approximate, since the presence of graphene

on the surface will slightly modify the field values. Graphene absorption enhancement,

expressed as the ratio of absorption of graphene on gold to absorption of graphene on

silicon, is also plotted in Figure 5.3. Using literature data for the refractive index of silicon

[50] and gold [51] substrates and assuming for simplicity the latter to be semi-infinite

instead of 50 nm, we obtain SSi
∼= 0.02 and SAu

∼= 0.28 at 500 nm incident wavelength

(nSi
∼= 4.3+i0.07, nAu

∼= 0.97+i1.87), yieldingSSi/SAu
∼= 14, explaining the simulation

results and measurements. At longer wavelengths, Au becomes more reflective and the

actual field magnitude on the surface diminishes. For example, at 650 nm wavelength

(nSi
∼= 3.85 + i0.0165 ,nAu

∼= 0.156 + i3.6) the Raman enhancement is estimated at

SSi/SAu
∼= 2.7, while at 800 nm wavelength (nSi

∼= 3.69+ i0.0065 ,nAu
∼= 0.154+ i4.9)

we get a reduction SSi/SAu
∼= 0.75. However, it is noteworthy that in all cases, there is

a quenching compared to the Raman signal expected from graphene suspended in air. In

light of this, we anticipate a significant increase in signal once we remove graphene away

from the flat substrate, e.g., as in placing it on top of nanostructured silicon.

5.4 SERS on nanostructured Si substrate

For nanostructured silicon, we assume a simplified model consisting of a periodic square

array of silicon pillars with period L=400 nm, base radius ρ0=150 nm, and height zt=500

nm, as shown in Figure 5.4(a). The pillars follow the functional form z = zt(1− ρ4/ρ40),
where ρ =

√
x2 + y2 is the radial position away from the pillar center.
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Figure 5.4: (a) Simulation model consists of a square array of silicon pillars. (b) Electric

field intensity enhancement distribution (compared to the incident intensity) for the four

wavelengths of interest. G (c) and 2D (d) Raman peak enhancement factors (with respect

to graphene on flat silicon) as a function of the maximum graphene conformation depth, w,

in-between the silicon pillars. The dashed lines indicate the experimental measurements.

Measurements performed by M. Kanidi [32].

For the graphene conformation on top of nanostructured silicon, we assume a two-

dimensional functional z = zf(x)f(y) with

f(x) = 1− α|cosd(πx
L

)| (5.2)

and similarly for y. Where α = 1 −
√
1− w/zt and w is the maximum depth of the

graphene sheet drop in-between the pillars (see Figure 5.4(a)). The exponent d deter-

mines the shape of graphene sheet on top of each pillar and is adjusted to better match the

functional form of pillar itself at its top. In our calculations, we used d=4 for the uncoated

nanostructured silicon case and d=6 for the Au-decorated nanostructured silicon. Differ-

ent graphene conformations for various w values are shown in Figure 5.4(a) by dashed

lines. Our goal is to calculate Raman enhancement as a function of w and gain insight

into the effect of graphene conformation.

To avoid performing an enormous amount of calculations, we choose the simplified

approach of performing the simulation without graphene and monitoring the modulated

fields at every point in the structure. Then, in post-processing mode, we integrate the

tangential product |Ε‖(r, ω)|2|Ε‖(r, ωs)|2 over the presumed graphene sheet area. Here,

we have to note that the graphene area is larger than L2, due to conforming around the
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silicon pillars. The parallel component is found by

E‖(r) = E(r)× n(r) (5.3)

Where n(r) is graphene surface normal unit vector at position r(n) = (
ϑz

ϑx
,
ϑz

ϑy
,−1) and

z = zf(x)f(y) is the two-dimensional functional, defining graphene conformation (see

above).

The electric field intensity distribution |Ε(r, ω)|2/|Ε0(r, ω)|2 is shown on vertical cross

section for the four selective incident wavelengths in Figure 5.4(b). The Fabry-Perot stand-

ing waves, which as expected vary for different wavelengths, give an indication of the im-

portance of graphene conformation, particularly on the value of w parameter in our model.

The Raman enhancement factors, with respect to graphene on flat silicon, are shown in

Figs. 5.4(c-d) for the G and 2D bands, respectively, at the four wavelengths of interest.

Strong fluctuations are observed as the graphene depth w increases. The variation in 2D

is smaller than the one for G, which is, however, expected taking into account that ωs

is more red-shifted in the former case. With dashed horizontal, lines denoting the ex-

perimental measurements, we note a good qualitative agreement for the three excitation

wavelengths 488, 514, and 785 nm, but a rather large deviation for 633 nm. Theoretically,

we do not expect such a small enhancement value at this particular wavelength and, thus,

cannot explain this disagreement at this point. Aside from that and considering the large

number of simplifications made in this theoretical study, regarding both the actual silicon

nanostructure (random pillar heights, thicknesses, shapes, and separations) and graphene

conformation on it, the agreement concerning the order of magnitude of the enhancement

is more than satisfactory.

5.5 SERS on Au-decorated nanostructured Si substrate

Consequently, we simulate the Au-decorated nanostructured silicon substrate. A cross sec-

tion of the model is shown in Figure 5.5(a), where 50 nm diameter gold spheres have been

placed on the silicon pillars. Here, we ignore the presence of a native oxide silicon layer

on the silicon pillars because its effect on the electromagnetic response of the substrate

is negligible (see Appendix A.1). The graphene sheet conformation is now around the

gold spheres as well. To keep our model simple, we assume the same functional form

for graphene of Equation 5.2, but with its highest point to be through the nanoparticle

center, i.e. zt=525 nm. This effectively assumes that graphene wraps around half of the

nanoparticle.
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Figure 5.5: (a) Simulation model consists of a square array of silicon pillars decorated

with gold nanoparticles. (b) Electric field intensity enhancement distribution (compared

to the incident intensity) for the four wavelengths of interest. G (c) and 2D (d) Raman peak

enhancement factor (with respect to graphene on flat silicon) as a function of the maximum

graphene conformation depth, w, in between the silicon pillars. The dashed lines indicate

the experimental measurements.Measurements performed by M. Kanidi [32].

The Raman calculation follows the same process as before, utilizing the calculated

field intensity distribution, whose profile for the four wavelengths is shown in Figure

5.5(b). Due to the Fabry−Perot resonances, now different nanoparticles become more

active for different wavelengths. Figs. 5.5(c) and (d) show the estimated Raman enhance-

ment factors as a function of w with respect to graphene on flat silicon. The experimental

results are denoted by the horizontal dashed lines. Rather than an oscillatory behavior, due

to standing wave resonances, as in the case of uncoated nanostructured silicon, we note in

simulation results a monotonic increase of Raman enhancement with increasing graphene

conformation depth w. This is due to graphene sheet sampling more plasmonic nanoparti-

cle near-fields and thus emitting a stronger SERS signal. Additionally, as shown in Figure

5.5(b), nanoparticles lying near the base of the silicon pillars create stronger electric near-

fields, compared to nanoparticles lying near the top of the pillars. In our calculations,

we ignore the quenching of plasmonic response of gold nanoparticles due to graphene

absorption, as this is negligible for single-layer graphene (see Appendix A.2). There is,

again, some scatter between experimental and simulation results, but this should be ex-

pected considering the added complexity of gold nanoparticle decorations (size, shape,
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and distribution) combined with the complexity of nanostructured silicon substrate. Vari-

ations in gold nanoparticle’s size, present in this study due to the spontaneous formation

of nanoparticles, are expected to cause small changes in the distance of graphene from

silicon nanopillars. However, the plasmonic response of nanoparticles heavily dominates

Raman enhancement, as shown when comparing Figure 5.4 with Figure 5.5. Therefore,

the effect of graphene’s distance from silicon nanopillars is not noticeable. The actual

Raman hot-spots on the graphene sheet, projected on a horizontal (xy) plane, are depicted

in Figure 5.6 for λ=633 nm and w=450 nm.

Figure 5.6: Distribution of Raman G (a) and 2D (b) peak enhancement factor of graphene

on nanostructured silicon with gold nanoparticles (with respect to the flat silicon case)

projected onto a horizontal plane for incident wavelength λ=633 nm and graphene con-

formation depth w=450 nm [32].

In Figure 5.6 the strong effect of plasmonic near-fields is evident. At Raman hot-spots,

the local enhancement is calculated to reach values as high as ∼ 2500 and ∼ 1600 for the

G and 2D peaks, respectively. Simulations of graphene on flat silicon decorated with gold

nanoparticles (see Appendix A.3) show that SERS enhancement of graphene is an order of

magnitude less than the enhancement on Au-decorated silicon pillars, which is caused by

the destructive interference between incident waves and waves reflected off the flat silicon

interface. Therefore, 3D topography, which disrupts the flat interface, is preferential for

SERS on reflective surfaces.

5.6 Comparisons-Numerical verification

To summarize, a comparison of experimental Raman enhancement factors, measured by

M.Kanidi from Theoretical and Physical Chemistry Institute of National Hellenic Re-

search Foundation, with the results from our numerical simulations for selective excitation

wavelengths is presented in this section. Table 1 shows the measured enhancement factors

for G and 2D peaks of graphene for each substrate used in this work.
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Table 1:Measured SLG Raman Intensity Enhancement Factors FG and F2D

Au film nano-Si nano-Si +NPs

λ(nm) FG F2D FG F2D FG F2D

488 13±1 11±1 46±3 40±2 568±30 162±8

514 4.6±0.7 10±1 47±6 61±6 189±18 182±18

633 1.5±0.5 2.4±0.3 10.7±0.6 6.3±0.3 880±35 422±17

785 0.6±0.1 0.8±0.1 28±5 26±3 526±60 355±40

The enhancement factors, presented in Table 1, are calculated with respect to graphene on

flat silicon. As shown in the above table, the highest enhancement factors, between two

and three orders of magnitude, are obtained using nanostructured silicon substrate with

gold nanoparticles. In the following, we average the calculated results for all w values

and plot them along with the experimental values in Figure 5.7.

Figure 5.7: Summary comparison between the experimental (open symbols) and simu-

lation (solid symbols) results for G (a) and 2D (b) peak Raman enhancement factors for

graphene on flat Au (squares), uncoated nanostructured silicon (circles), and nanostruc-

tured silicon with gold nanoparticles (triangles), with respect to graphene on flat silicon

[32].

The vertical axis (Raman enhancement factor F) of Figure 5.7 is in logarithmic scale,

so all three substrate cases are shown in the same graph. In terms of order of magnitude,

a good overall agreement is found in all cases. We can confidently conclude that there is

a clear plasmonic effect separating the decorated nanostructured silicon case from all the

others. The scale of separation is about one order of magnitude. Also, as mentioned previ-

ously, the reference case is graphene on flat silicon. From our estimates in the beginning

of the theoretical considerations, we expect a quenching of the order of 40 compared to

graphene suspended in air. The actual numbers for quenching are 50, 35, and 30 for 500,

650, and 800 nm wavelengths, respectively. This puts the uncoated nanostructured silicon

results on par with suspended graphene. This case is far from the highly quenching flat

silicon surface and the Fabry-Perot resonances slightly modulate the actual final signal

enhancement. The higher quenching for flat silicon at low wavelengths (see Figure 5.3)

results in the higher enhancement values compared to the ones at longer wavelengths, as

seen in Figure 5.7 (middle).
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On the other hand, for decorated nanostructured silicon the Raman signal is clearly

above the one from suspended graphene and definitely enhanced due to plasmonic fields.

As a final comment, we note that while the scattering of measured and simulated data

is expected given the large difference between simulated (periodic) and actual (random)

substrate structures, the good overall agreement in terms of trends and order of magnitude

is promising. For example, conducting measurements on periodic substrates, we could

potentially use simulations to estimate the actual graphene conformation. Such periodic

structures would also allow for controlling the period and width of silicon nanopillars,

which in turn would affect the enhancement of graphene Raman signal. However, they

are beyond the scope of this work, which focuses on the simplicity and scalability of laser

processing.

Figure 5.7 shows that there is not a strong variation of the enhancement factor with

excitation wavelength, even for the plasmonic nanostructured silicon substrate with gold

nanoparticles. Indeed, this substrate provides significant enhancement over a broad range

of excitation wavelengths, within the visible electromagnetic spectrum. The formation of

aggregates of gold nanoparticles on the surface of this substrate leads to the broadening of

plasmon resonance over the visible range. Additionally, the broadening of plasmon reso-

nance is induced by the variation of dielectric environment, sampled by each nanoparticle

on silicon nanopillars, as shown in Figure 5.5(a). Nanoparticles on pillars are no longer

indistinguishable (like nanoparticles on a flat substrate), as the relative orientation of in-

terface area between each nanoparticle and silicon (and graphene), varies according to its

location on the nanopillar (Figs. 5.5(b) and 5.6). The broad range of excitation wave-

lengths for which significant enhancement is observed demonstrates that coated nanos-

tructured silicon substrates are flexible for use with a wide range of Raman spectrometers,

employing various laser sources for multiple applications [30].

5.7 Conclusions

The proposed 3D geometry has two advantages compared to 2D plasmonic geometries,

achieving order of magnitude enhancement of the Raman signal of graphene. Firstly, due

to its flexibility, graphene conforms to the 3D substrate, increasing its interface area with

plasmonic nanoparticles and the sampling of enhanced near fields. Secondly, even for

uncoated, bare silicon nanopillars, graphene adopts a semi-suspended topography between

them, which results in enhanced electromagnetic interactions and Raman signal, similar

to that of suspended graphene in air. Additionally, broadband enhancement of e-fields

across the visible spectrum is achieved in contrast to most plasmonic substrates, which

show narrow resonances. Our theoretical analysis reveals that the broadband enhancement

is caused by the unique morphology of 3D substrates. This morphology leads both to

the formation of aggregates of metallic nanoparticles on Si nanopillars, broadening the

plasmon resonance, and to synergistic effects between the nanoparticles and the dielectric

environment of nanopillars, which render different nanoparticles more active for different

wavelengths and locations on the pillars. The maximum enhancement (×880 for the G

peak), obtained for λ=633 nm excitation, is similar to the highest measured enhancements

reported in the literature for SERS of graphene on plasmonic substrates. FDTD numerical

simulations revealed local enhancement factors as high as ∼ 2500 and demonstrated a

monotonic increase of enhancement with the degree of graphene conformation to the 3D

topography of the substrate.

Optoelectronic devices will significantly benefit from hybrid nanostructured graphene-
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silicon building blocks with high responsivity, due to the large surface area of the nanos-

tructure, high response speeds, due to the reduced dimensions of the materials and spec-

trally broad photo-response. The broadband plasmonic enhancement of the proposed sub-

strates is also beneficial for ultra-sensitive SERS-based sensors, operating with a variety of

laser sources. The more convenient fabrication, scalability and improved electromagnetic

enhancement of plasmonic silicon substrates, along with their successful integration with

graphene, which may also be extended to most 2D materials and their heterojunctions,

pave the way for future real-world applications of large-area 2D devices with complex

functionalities in the fields of sensing, photonics and optoelectronics, among others.
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Chapter 6

Graphene-based Optical Modulation

and Pulse-Shaping

Efficient high-speed electro-optic modulation and ultrafast pulse-shaping in the near-IR

spectrum are of great significance in a variety of applications, from optical communica-

tions to signal processing. Graphene stands out as a versatile absorbing 2D material for

this purpose. Monolayer graphene is an effective and tunable absorber under both lin-

ear and non-linear optical intensities, having its melting point at more than 4000 K and

broadband operation, ranging from visible to the terahertz (THz) frequency range [1–5].

In this chapter, we combine graphene with the resonance of an asymmetric single-port

Bragg resonator designed at 1550 nm, which operates in the reflection mode and shows

100% absorption at RT [6]. This study affirms that 100% free-space signal modulation

can be achieved, characterized by low insertion loss and gigahertz speed, regardless of the

quality of graphene monolayer. Furthermore, with a minor adjustment, this device could

be transformed into a sensitive acousto-absorption modulator, featuring an extinction ratio

of 30 dB/Å, or an index sensor with a sensitivity of 107% per Refractive Index Unit (RIU).

Under non-linear pulse excitation the same graphene-based optical nanodevice could op-

erate as an ultrafast pulse-shaper. This Bragg nano-resonator is illuminated by a picosec-

ond pulse, which manages to significantly increase non-equilibrium carrier density and

graphene’s electronic and lattice temperatures [7]. Under high incident power, intrinsic

graphene absorptivity is modified via the elevated electronic temperature and mainly the

existence of non-thermal photo-excited carriers in pumped SLG. This results in a change

in cavity’s optical reflectance, due to its deviation from critical coupling. In our mod-

elling scheme, we explicitly study the formation of a hot electron gas in graphene, the

phonon-mediated cooling, and the lattice temperatures. Manipulating graphene absorptiv-

ity through the appropriate combination of non-equilibrium carrier density and tempera-

ture, via incident power, and doping level, via applied gate voltage, electro-thermo-optical

modulation is possible. Significantly, the deviation in graphene absorptivity (dependent

on non-equilibrium carriers, temperature and doping) from its critical value allows us to

modulate the input pulse’s amplitude, duration, and shape, giving rise to single, double,

or even triple peaks. Additionally, the modulated pulse can serve as a highly sensitive

diagnostic tool for identifying micro-physical processes within graphene. Depending on

the operational parameters, the graphene-loaded Bragg nano-resonator provides a unique

capability to probe graphene carrier dynamics, eliminating the need for ultrafast spec-

111
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troscopy. These innovative designs can be extended across the entire infrared spectrum

by making the appropriate material selection and properly scaling the dimensions of lay-

ered materials.

This chapter is based on our published work:

• S. Doukas, A. Chatzilari, A. Dagkli, A. Papagiannopoulos and E. Lidorikis, Deep

and fast free-space electro-absorptionmodulation in amobility-independent graphene-

loaded Bragg resonator, Appl. Phys. Lett. 113, 011102 (2018)

https://doi.org/10.1063/1.5030699

And on our next publication in progress:

• A. Dagkli, S. Doukas, A. Chatzilari, A. C. Ferrari, and E. Lidorikis, Extreme pulse

shaping from saturable absorption in a critically-coupled graphene-loaded pho-

tonic crystal cavity, Under submission

https://doi.org/10.1063/1.5030699
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6.1 Introduction

Graphene-based photonic components designed for signal modulation and ultrafast pulse-

shaping within the near-infrared spectrum have found wide-ranging applications in optical

signal processing, sensing, and communications [8–10]. These applications contain both

free-space [11, 12] and integrated system [13] operations. In both cases the ideal wave-

length is λ=1550 nm [12]. Monolayer graphene holds significant promise as a 2D material

for these purposes [9, 14], owing to its fast carrier relaxation times (on the order of picosec-

onds) [15], the broad spectral range of its electrically and thermally tunable conductivity

[16, 17], and an especially high lattice melting point exceeding 4000 K [18].

Graphene-based NIR optical modulation has been successfully demonstrated in both

waveguide-integrated [19–25] and free-space configurations [25–29]. Notably, in free-

space applications, recent demonstrations have achieved an impressive modulation depth

(MD) of up to 70% at a modulation frequency (MF) in the MHz range [27, 28]. Further-

more, the utilization of graphene for ultrafast pulse shaping in the near-IR regime has been

established as well [30–32]. As mentioned in section 2.1, the intrinsic absorption of SLG is

highly tunable across a wide spectrum, extending within the visible and mid-IR frequency

range, via electrostatic gating, measuring approximately 2.3% [33, 34], when suspended in

air, and 2.3/n%, when incorporated into a dielectric (with an index of n) [35] at room tem-

perature (RT). This absorption occurs for photon energies hω > 2EF,SLG due to interband

transitions, where EF,SLG represents graphene Fermi level, determined by electrostatic

doping. The absorption is notably reduced below this threshold, due to Pauli blocking

[36, 37]. At lower frequencies, absorption resumes due to intraband transitions, leading

to the appearance of graphene plasmonics [38–40]. Manipulation of graphene Fermi level

EF,SLG or its electronic temperature Te,SLG and non-equilibrium carrier density, provide

an avenue for tuning SLG absorptivity, promising significant opportunities for free-space

and even integrated linear electro-optical or non-linear electro-thermo-optical modula-

tion, respectively. However, given the overall limited absorption of graphene (<2.3%), it

is essential to enhance the light-graphene interaction, typically achieved through the in-

corporation of a resonator structure, such as a nanocavity [26–29, 41–45] or plasmonics

[23, 35, 46–51].

Numerical simulations by Doukas et al. [6] indicate that free-space modulators, which

incorporate graphene within a Bragg-type resonator, have the potential to achieve Mod-

ulation Depths (MDs) exceeding 100%, while maintaining low Insertion Loss (IL) and

ultrafast modulation frequencies (in the GHz range). These findings hold promise for free-

space modulation in the NIR or mid-IR to THz regions. From [6] it is clear that a Bragg

resonator device loaded with graphene and operating in reflection (R) mode could be dy-

namically tuned to achieve critical coupling (i.e., perfect absorption as described in Ap-

pendix B.1) regardless of graphene quality. This ensures consistently large MD (exceeding

100%), low IL of less than 1 dB, and a high modulation frequency exceeding 1 GHz. More-

over, a slight modification of this approach can transform it into an acousto-absorption

modulator with a remarkable extinction ratio of around ∼30 dB/Å or an index sensor

with a sensitivity of 107% per refractive index unit (RIU). In a similar context, our recent

numerical simulations predict that the free-space graphene-based Bragg resonator used

in [6] can be transformed to an ultrafast pulse-shaping device, that can electro-thermo-

optically modulate the amplitude, duration, and shape of a high-power incident pulse. In

our study, we demonstrate that this graphene-loaded Bragg resonator device, operating in

reflection mode as well, can effectively shape a high power picosecond pulse, by control-
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ling the existence of non-equilibrium carriers and electronic temperature of graphene, or

graphene Fermi level. This control affects the deviation of graphene’s absorptivity from

its critical value, where total absorption reaches approximately 100% [52–54, 54, 55], and

subsequently the reflected pulse. Furthermore, our recent results indicate that this scheme

exhibits high sensitivity to slight alterations in graphene’s e-e relaxation time. The re-

markable sensitivity of our resonator motivates further research, aimed at identifying the

micro-physical mechanisms within graphene and potentially paves the way for diagnos-

ing intrinsic graphene processes without the need for ultrafast spectroscopy. These design

principles and considerations, developed for 1550 nm, can be extended across the entire

IR spectrum by appropriately selecting materials and scaling their dimensions.

6.2 Linear electro-absorptionModulationwithGraphene

6.2.1 Device Layout

We consider an asymmetrical Bragg cavity, as illustrated in Figure 6.1(a), which com-

prises three periods of a Si/SiO2 bilayer on each side, along with an Au back mirror. The

thicknesses of the layers are dSi=113.3 nm and dSiO2=265.4 nm, corresponding to quarter-

wave layers at a wavelength of λ=1550 nm, and the refractive indices are nSi = 3.42 and

nSiO2=1.46, respectively. The cavity consists of a SiO2 double layer with an SLG layer

in between. We define the permittivity of graphene using the Kubo formula (see Eqs.

2.7-2.9) at room temperature (RT) with an electron relaxation time τ=200 fs. We assume

that electrostatic doping is applied by the bottom n-doped Si layer, considering all the

other Si layers to be undoped, as depicted in Figure 6.1(a). The dielectric strength of SiO2

is 107 V/cm [56] and the between-layer thickness dSiO2 is 265.4 nm.

Figure 6.1: (a) Schematics of graphene-based single-port Bragg nanocavity device, with

three Si/SiO2 periods on either side of the cavity. (b) Reflection of the proposed device

as a function of graphene electrostatic doping level EF at 1550 nm. In the middle inset

two selective doping levels, 0.54 eV and 0.429 eV are shown, respectively. Calculations

shown in the inset were performed by A. Chatzilari [6].
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We determine device’s reflection (R) under normal incidence using Fresnel relations

in conjunction with the Transfer Matrix Method (TMM), described in section 4.1. The an-

alytical results at 1550 nm are presented in Figure 6.1(b) for different electrostatic doping

levels. It is worth noting that in such a configuration, due to the absence of transmission

(T), which is enforced by the Au back mirror, the critical coupling condition is satisfied

(see Appendix B.1), signifying perfect absorption. We notice that at a specific critical dop-

ing level (i.e. Ec
F,SLG=0.429 eV), the reflection at 1550 nm effectively approaches zero

(see the inset of Figure 6.1). For any other doping level, the reflection becomes finite,

typically approaching a value close to 1. This results in a modulation depth exceeding

100%. Our device behaves as a single-port resonator and the overall absorption can be

derived by the general single-port coupled-mode theory as

A =
4γaγd

(ω − ω0)2 + (γa + γd)2
(6.1)

where ω0 is the resonance frequency of the cavity, γa the total absorption rate of the sys-

tem, and γd the decay rate of the cavity. In our device, absorption is contributed by several

elements within the cavity, including graphene layer at the cavity center, the Au back mir-

ror and n-Si gate beneath SLG. At resonant frequency (when ω = ω0), critical coupling

is achieved, when the absorption rate matches the cavity’s decay rate (γa = γd). Conse-

quently, for any given cavity, there is always a critical level of absorptivity, that ensures

perfect absorption. Notably, any deviation from this condition results in a decrease in

overall absorption. This implies that for a cavity with a small decay rate γd, indicating

a high-Q factor, it is necessary to reduce the absorptivity of the cavity’s elements γa to

enhance the overall absorption. In this context, graphene emerges as a promising ma-

terial, as its intrinsic absorptivity can be conveniently controlled and fine-tuned through

electrostatic gating. We investigate the tunability of absorption in graphene with regard to

achieving critical coupling in Figure 6.2.
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Figure 6.2: The absorption in graphene as a function of graphene doping EF for Bragg

nanocavity device with the Au mirror in contact with SiO2. The light blue line is the

normalized absorptivity of suspended graphene. The vertical dashed line shows the critical

doping level for this device.

Here, we depict graphene absorption as a function of graphene doping. In Figure 6.2,

we also plot the absorptivity of suspended graphene at λ=1550 nm as a function of the

Fermi level, given by ASLG = 2πdSLGε2
λ

nSiO2
, where dSLG=0.335 nm is the effective

graphene thickness and ε2 the imaginary part of the graphene’s dielectric function. We

notice that by doping graphene, the resonant wavelength shifts and a significant amount

of the incident light is absorbed by it at a critical doping level shown in vertical dashed

line (i.e. at Ec
F=0.429 eV).

To limit the other constituent absorptions, such as Au and n-doped Si, we have con-

sidered the case in which the Au mirror is in direct contact with a SiO2 layer (as illustrated

in the inset of Figure 6.2). This assumption is based on the following Equation 6.2 for the

semi-infinite reflectance R∞ for normal incidence at λ = 1550nm, with refractive index

for Au nAu = 0.51 + i10.7, calculated as

R∞ =
|ndiel − nAu|2

(ndiel + nAu)2
(6.2)

The single-pass absorption under normal incidence could be AAu = 1 − R∞. Conse-

quently, the absorptivity at the SiO2/Au interface is approximately 2.5%, which is about

2.2 times lower than 5.4%, if e.g. is substituted with a higher dielectric Si/Au interface.

Furthermore, the low absorptivity of Au when in contact with SiO2, implies high flexi-

bility for fine-tuning with graphene. Additionally, when working in the reflection mode,

high contrast is achieved in low index/Au case between critically coupled graphene and

highly doped graphene. Consequently, from Equation 6.2 we can derive that an optimal

configuration, for the dielectric in contact with Au mirror, is that with a low refractive

index.



CHAPTER 6. GRAPHENE-BASEDOPTICALMODULATIONANDPULSE-SHAPING117

6.2.2 Modulation Depth and Frequencies

To assess the performance of the device, we define the modulation depth as

MD(%) = 100
Rmax −Rmin

Rmax

,MD(dB) = 10log10
Rmax

Rmin

(6.3)

and the insertion loss as

IL(%) = 100(1−Rmax), IL(dB) = −10log10(Rmax) (6.4)

WhereRmax represents the maximum reflectance at the highest graphene doping level (i.e.

at EF,SLG =0.54 eV for this device), while Rmin corresponds to the minimum reflectance

at critical coupling. The specific value of Rmin varies depending on the device’s structure

and the quality of graphene. In Figure 6.3, we plot the modulation depth as a function of

detuning δEF = EF −Ec
F from the critical coupling condition, i.e. the detuning of Rmin.

Figure 6.3: Modulation depth MD (dB), for relaxation times τ=200 fs (solid red) and τ=10

fs (dashed blue), as a function of detuning δEF from Rmin. Calculations performed by S.

Doukas [6].

Significantly large values can be achieved by critically tuning the Fermi level of SLG.

In the case of high-quality graphene (i.e. τ=200 fs), we determine that the modulation

depth is 6.5x104 (at critical doping level Ec
F= 0.429 eV). We iterate the computation

considering smaller electron relaxation time (corresponding to lower graphene mobility,

µ = eτv2F/EF ). For instance, the modulation depth is depicted for τ=10 fs. This is ob-

served at the critical doping level Ec
F=0.475 eV. While the peak value remains the same

in both cases, a broader response curve is evident for the smaller electron relaxation time,

leading to an increased averaged modulation depth, as shown in Figure 6.3.

The optics-limited operating frequency, as described in reference [57], is calculated as

fopt =
c

nSiO22LQ
(6.5)

where c/nSiO2 represents the speed of light in the dielectric, 2L is the round-trip length

of the cavity (comprising the middle two SiO2 layers), and Q denotes the cavity quality

factor, defined as Q = ω0/δω, where ω0 represents the cavity mode frequency, and δω
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represents the Full Width at Half Maximum (FWHM) in ω frequency range. In our case,

involving 3 SiO2/Si bilayers, Doukas et al. [6] determined that Q is approximately 325,

resulting in an optics-limited operating frequency of around 600 GHz. This frequency is

in close agreement to the fundamental speed limits, imposed by photo-carrier generation

and relaxation processes, which typically occur on the picosecond timescale, as discussed

in reference [15].

On the other hand, the electronics-limited operating frequency is considerably lower,

defined as

fel =
1

2πRelC
(6.6)

where Rel represents the system’s Ohmic resistance and C is the capacitance, given by

C = ε0εSiO2A/dSiO2 . For a square area device of A = 50 × 50 u2 (in a typical optical

beam area), Doukas et al. [6] also estimated the capacitance as approximately 0.33 pF,

and for the τ=200 fs and τ=10 fs cases, the RG values of approximately 0.1 kΩ and 1.8

kΩ, respectively, where RG = σ−1 = (neµ)−1, with n = E2
F/(πh̄

2v2F ), representing the

charge density and µ. The n-Si contribution, RSi, is approximately 4 times larger than

RG, leading to Rel being approximately equal to RG. This results in electronics-limited

operating frequencies of approximately 5 GHz and 0.3 GHz for the τ= 200 fs and τ=10 fs

cases, respectively [6]. It is worth noting that higher-quality graphene can further increase

the modulation frequencies.

6.2.3 Acousto-optic Modulation and Sensing

Until now, we have demonstrated that even the slightest deviation from critical coupling

has a significant impact on the device’s reflection performance. This observation could

be exploited to design a highly sensitive acousto-optic modulator. Our approach involves

introducing a separation distance x, between the Au mirror and the rest of the device,

creating a secondary cavity, as depicted in the inset of Figure 6.4. For each x value, we

tune the Fermi level of graphene to its corresponding critical coupling value Ec
F , and then

plot the total absorption as a function of both mirror separation x and wavelength.

Figure 6.4: Overall absorption as a function of mirror separation and wavelength (color

scale from 0 to 1). The inset schematics represents the acousto-optic modulation device

configuration. Calculations performed by A. Chatzilari [6].
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A strong anti-crossing behavior emerges, particularly around x= 700 nm, attributed to

interference effects between SiO2 and mirror cavity, leading to an exceptionally sensitive

response. Selecting x0=735 nm, where we observe perfect absorption at λ=1550 nm,

we can calculate <MD> as a function of mirror deflection δx = x − x0 (by 1 Å) and

notice its significantly high values, that correspond to a sensitivity of approximately 30

dB/Å (R = 103 < R0 >).The only disadvantage could be the high overall reflection

and consequently large insertion loss. Similarly, even a slight alteration in the refractive

index within the mirror cavity will induce a measurable change in reflectance. Since the

optical path length is nx, a change in δn/n = δx/x will yield an equivalent change in

δR/R. Based on the <MD> calculations by Doukas et al. [6], we can estimate an index

sensitivity on the order of 107%/RIU (Refractive Index Unit). It is noteworthy that these

high sensitivities remain independent of graphene mobility. The only need is to identify

the appropriate Ec
F value to achieve critical coupling.

6.3 Non-linear Ultrafast Pulse-Shaping with Graphene

6.3.1 Non-linear Pulse Excitation - Non equilibrium carriers

Due to the conical band structure in SLG, interband photon absorption at energy Eph =
}ω results into non-equilibrium electron and hole populations at energies εph = ±}ω/2.

This process is quantified by the optical conductivity, which is described by the interband

contribution of the Kubo formula [58, 59]. Rewriting Equation 2.9, we have

σinter(ω,Γ, µ, Te) =
−ie2(ω + 2iΓ)

π}2

∫ ∞

0

fFD(ε;µ, Te)− fFD(−ε;µ, Te)

(ω + 2iΓ)2 − 4(ε/})2
dε (6.7)

where µ is the chemical potential, fFD(ε;µ, Te) = [e

ε− µ

kBTe − 1]−1 the Fermi-Dirac distri-

bution function, and 2Γ = τ−1
opt , where τopt the effective dephasing time, due to both elastic

and non-elastic electron-phonon and defect/impurity scattering [60]. The latter is related

also to the charge mobility µq and Fermi level EF through the relation τopt = µqEF/ev
2
F

[38] with reported values ranging from 10 to 500 fs [60–62], where e is the elementary

charge and vF = 106 m/s the Fermi velocity [63] in SLG.

The above Equation 6.7 implies a Lorentzian natural bandwidth of 2}Γ for this pro-

cess, owing to the energy uncertainty offered by the scattering processes with phonons

and impurities. This results in a minimal natural bandwidth ∆E = 2}Γ over which the

excited non-equilibrium electrons and holes spread in the conduction and valence bands,

respectively, even when excited by long pulses (i.e., > ps duration) at quasi-cw single fre-

quency conditions. In case of an excitation pulse of finite bandwidth (i.e, fs duration),

we have to add the broadening, i.e. ∆E = 2}Γ + }Γp, where 2Γp = τ−1
p and τp is the

pulse duration. The broadening ∆E affects several ultrafast [64, 65] and nonlinear pro-

cesses in graphene (such as Kerr effect, high harmonic generation etc.), but most notably

the saturable absorption [1, 66–68]. To take it into account, we assume the Lorentzian

distribution:

L(ε) = }2Γ2/[(|ε| − }ω/2)2 + }2Γ2] (6.8)

which has width 2}Γ, unit peak value, and integral
∫∞
0

L(ε) dε= π}Γ.
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Figure 6.5: (a) Fermi-Dirac distribution as a function of energy ε with (red line) and with-

out (black dashed line) the existence of non-equilibrium carriers. We assumed that the

non-equilibrium carrier density was δn = 1012 cm−2 (b) Interband SLG absorptivity in

both cases as a function of photon energy }ω at λ=1550nm. Schematic inset of energy

levels and carrier distribution in SLG, assuming photon energy }ω > 2µ. The blue iso-

lated area on top of the conduction band represents the non-equilibrium carrier distribution

after photo-excitation. Calculations performed in collaboration with S. Doukas.

After photo-excitation, the non-equilibrium carriersnne undergo relaxation and through

electron-electron scattering, Auger, and carrier multiplication processes [69], resulting in

an equilibrium hot Fermi-Dirac distribution at some elevated electronic temperature Te

[70]. Assuming a quasi-cw excitation, this can be suitably described (see Equation 2.16)

by the rate equation

ṅne =
αI

}ω
− nne

τe−e

(6.9)

where α is the instantaneous interband absorbance of SLG (see Equation 2.17), I the in-

coming light intensity, and τe−e the electron-electron relaxation rate, typically measured

around 20 fs [64, 69]. At the steady state, non-equilibrium carriers are obtained by

nne =
αIτe−e

}ω
(6.10)

These carriers are spread over a Lorentzian distribution, such that

nne =

∫ ∞

0

v(ε)gL(ε) dε (6.11)

where v(ε) = 2|ε|/(π}2v2F ) is the density of states at energy ε and g is a normalization

constant. Given that in general }ω/2 � 2}Γ (e.g., for λ=1550 nm the energy }ω/2=0.4

eV while for τopt=200 fs it is 2}Γ=3.3 meV), we take v(ε) out of the integral of Equation

6.11 and by use of Equation 6.10 we get

g =
2

π

nne

v(}ω/2)∆E
=

2αIv2F
}ω2

τe−eτopt (6.12)
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where v(}ω/2) = |ε|/(π}2u2
F ). The corresponding non-equilibrium photo-excited carri-

ers can be described through the modified Fermi-Dirac distribution of the following equa-

tion.

f ∗
FD = fFD + g[L(ε)− L(−ε)] (6.13)

All electronic properties of graphene, i.e., absorbance, electrical conductance, thermal

capacity, etc, in the presence of non-equilibrium carriers, can be calculated using the same

procedure as in 2D Sommerfeld theory [71] by utilizing the modified F-D distribution of

Equation 6.13.

To complete our methodology, we need the elevated equilibrium electronic tempera-

ture Te and lattice temperature Tl, in a standard two-temperature model description [72]

(mentioned in subsection 2.1.6). Specifically

ceṪe = αI − Je−ph,

clṪl = Je−ph − ΓSLG−sub(Tl − Tsub)
(6.14)

where ce is the electronic heat capacity, cl the lattice heat capacity, Je−ph the electronic

thermal cooling current into the phonon bath (for details see Appendix B.2), ΓSLG−sub (in

our case ΓSLG−SiO2=20 MWm−2K−1 [73]) the cooling rate of the SLG lattice into substrate

, and Tsub the lattice temperature. In our case lattice temperature TSiO2 is fixed at 300 K.

During high intensity non-linear excitation, saturable absorption manifests itself as a

decrease in SLG absorptivity due to band filling [66, 67], as expressed by Equation 6.13.

This is typically described as

α(I) =
α0

1 + I/IS
+ αns (6.15)

where α0 is the absorptivity at zero intensity (i.e., 2.3% for suspended undoped SLG), αns

the non-saturable part of the absorption (e.g., intraband free carrier absorption), which will

be neglected in this study, and IS the saturation intensity. Using Equation 6.10, we relate

nne(I) = α(I)Iτe−e/}ω. At I = Is we have α(Is) = α0/2 and nne(Is) = α0Isτe−e/2}ω.

At the same time, however, nne(Is) can be defined through Equation 6.11, i.e., nne(Is) =
gsπ}Γv(}ω/2), where gs is the value needed to achieve half absorption. Combining the

two relations for nne(Is) we get:

Is = γn(}ω/2)∆Eα−1
0 (6.16)

where γ = 4πgs/τe−e and n(ε) = ε2/π}2v2F the number of total states up to energy ε.
Equation 6.16 can also be written as

Is = n(}ω/2)π}gsα−1
0 τ−1

e−eτ
−1
opt (6.17)

In Figure 6.6 we plot both the numerical (red line) and analytical (blue dashed line) so-

lutions for SLG absorption as a function of incoming light intensity I, using our self-

consistent model and Equation 6.15, respectively. We assume undoped SLG withEF,SLG=0,

∆}ω=33 meV and τe−e=20 fs. We also calculate the saturation intensity from Equation

6.17.
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Figure 6.6: Numerical and analytical results, assuming EF,SLG=0, ∆}ω=33 meV and

τe−e=20 fs, for SLG asborption as a function of incoming light intensity I. We calculate

the saturation intensity Is=270 MW/cm2. Calculations performed in collaboration with S.

Doukas.

From Figure 6.6, we observe the convergence of the two methods for calculating ab-

sorption in graphene in the steady-state case. In the next subsection, we will study cases

of high-intensity non-linear incident pulses passing through the proposed nanodevice, de-

scribed in detail in subsection 6.2.1.

6.3.2 Wavelength Detuning

Motivated by the shift in SLG absorbance, resulting from modifications in SLG absorptiv-

ity and the consequent variations in cavity reflectance, described in section 6.2 for linear

photo-excitation, we explore the optical response of the same Bragg cavity combined with

doped graphene under high-power non-linear pulse operation. Specifically, we examine

graphene-light coupling, when doped SLG is integrated into the Bragg nanocavity system

depicted in Figure 6.1(a), which is tuned in the critical coupling condition (see Appendix

B.1) and exposed to a 2ps Gaussian pulse. Here, we will assume long (i.e., > ps) pulses and

the quasi-cw approximation, to solve all self-consistent equations in time domain using a

4th-order Runge-Kutta integration scheme (see section 4.4).

The following diagrams, in Figure 6.7(a-b), show the rise in temperature Te,SLG, the

modification of SLG absorptivity and reflection, when a high peak power pulse penetrates

the device at 1550 nm. We assume EF,SLG=0.43 eV, τe−e=20 fs and τopt= 200 fs. We also

plot in Figure 6.7(c-d) the same parameters for the detuned wavelength of 1548.5 nm.

The dashed lines correspond to the respective magnitudes for no photo-excited carriers in

graphene (nne=0).
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Figure 6.7: Temporal response of doped SLG (EF,SLG=0.43 eV, τe−e=20 fs, τopt=200 fs)

combined with nanocavity, when illuminated by a 2 ps pulse with peak power ∼2.6x106

W/cm2. Electronic temperature Te,SLG, normalized SLG absorptivity (denoted by SLG∗),

reflection (R), and power ratio (Pout/Pin) for the SLG-cavity system at (a-b) λ=1550 nm

and (c-d) λ=1548.5 nm in ∼ps timescale. The dashed lines correspond to the respective

magnitudes for no photo-excited carriers in SLG (nne=0).

Under high power pulse operation, with peak power ∼2.6x106 W/cm2, the electronic

temperature of graphene (Te,SLG) attains approximately 1500 K, as denoted by the light

purple line in Figure 6.7(a,c), at both 1550 nm and the detuned wavelength of 1548.5 nm.

This elevation in temperature results in a temporal change in SLG absorptivity, as illus-

trated by the light blue lines in the same diagrams. The deviation of absorptivity from

the critical value of approximately 0.26 (horizontal dashed line in Figure 6.7(a,c)) is ob-

served in both wavelength cases, with a more pronounced effect at 1548.5 nm, slightly

offset from the resonant wavelength of the nanocavity. This significant deviation induces

free-space reflection minima (depicted by the orange line) within specific time frames,

as depicted in Figure 6.7(d). The short dashed vertical lines in Figure 6.7(d) mark snap-

shots, where graphene absorptivity equals its critical value, causing a reflection decline

of approximately three orders of magnitude. This dynamic shapes a triple peak in the fi-

nal reflected output pulse Pout(t), determined by the product of R (reflectance) and Pin(t)

(Gaussian input pulse), and normalized with the peak of Pin(t) (dark green areas). The

variance in Rminima from reflection at RT is attributed to a slight change in the real part

of graphene’s dielectric index, impacting the cavity’s decay rate. The ultimate reflected

pulse exhibits an almost two orders of magnitude decline in amplitude compared to the

incident pulse and manifests as a triple peak. This outcome underscores the versatility of

our resonator for free-space pulse modulation, not only in amplitude (see section 6.1) and
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time duration, but also in the formation of multiple peaks. It is noteworthy that ignoring

the influence of photo-excited carriers (dashed lines in Figure 6.7) results in less variation

in SLG absorptivity over time, affecting pulse amplitude modulation and, consequently,

preventing pulse-shape operation.

6.3.3 The impact of SLG Fermi level for non-linear excitation

To assess the impact of graphene Fermi level on pulse shaping performance, we depict the

power ratio Pout/Pin over time for three selected high peak powers and various graphene

Fermi levels. The corresponding numerical results are illustrated in Figure 6.8.

Figure 6.8: Temporal response of doped SLG combined with nanocavity, when illumi-

nated by a 2ps pulse at λ=1548.5 nm and peak power 5x105, 1.8x106 and 2.6x106 W/cm2.

(a-d) Pout/Pin ratio for four selective SLG Fermi levels EF,SLG=0.2, 0.38, 0.43, 0.45 eV.

Under an incident peak power of 5x105 W/cm2, the elevated temperature of pumped

graphene, with the concurrent existence of nne carriers, affects its absorptivity. This impact

results in modulation of both the amplitude and time duration of the single-peak reflected

pulse, as depicted by the purple areas. With a slight increase in peak power beyond 106

W/cm2 and SLG Fermi level approachingEF,SLG=0.43 eV, the emergence of double peaks

becomes evident (light orange areas). In the doping cases illustrated in Figure 6.8(c-d), the

presence of double or even triple peaks (dark green areas) is observed. This observation

underscores that through the appropriate selection of high power pulse and SLG Fermi

level, we can effectively manipulate absorptivity to shape the output pulse. The ultimate
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free-space Pout/Pin ratio is found to be incident peak power and doping dependent. To

evaluate pulse-shaping performance over a broad range of peak Pin values and SLG Fermi

levels, we present colormaps in ∼ps timescale in Figure 6.9.

Figure 6.9: Temporal optical response under pulsed operation for (a) peak Pin range

5x105-107 W/cm2 at 0.43 eV and (b) SLG Fermi level range of 0-0.6 eV for 2.6x106

W/cm2 in ps timescale.

At low peak powers of Figure 6.9(a), the limited Te,SLG and the minimal impact of

non-equilibrium carriers nne result in minor changes in SLG absorptivity, slightly affecting

the reflected output pulse. However, at higher power levels, the presence of an elevated

Te,SLG and high non-equilibrium carrier distribution becomes crucial in modulating the

cavity’s optical response, affecting both amplitude and time duration of the output pulse.

In this regime, the amplitude of free-space reflected pulse decreases, while its time dura-

tion broadens. An interesting peak power limit is 106 W/cm2 for EF,SLG=0.43 eV. Beyond

this threshold, it leads to the formation of double and even triple peaks. In case of tuning

SLG Fermi level (Figure 6.9 (b)), for a fixed peak power (i.e., Pin(t)=2.6x106 W/cm2), ca-

pable of generating a triple-peak performance, a notable change in the shape of the output

pulse is observed between 0.38 eV and 0.45 eV, around the proposed Fermi level of 0.43
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eV. This change is attributed to the sensitivity of SLG absorbance to doping changes, as

described in section 6.1.

6.3.4 The effect of SLG e-e relaxation time and Sensitivity

So far, we have maintained electron-electron relaxation time (τe−e,SLG) at approximately

20 fs, as determined from the Heisenberg uncertainty principle for time and energy. This

choice is made taking into account that the thermalization of the electron gas in graphene

occurs on a sub-50 fs timescale [64, 69, 74–77]. To explore the impact of varying graphene

e-e relaxation time within the range of 0.1-50 fs [64, 69], we plot in Figure 6.10 the out-

put power ratio (Pout/Pin) as a function of τe−e,SLG on a ∼ps timescale. We model the

same configuration under a selected incident power resulting in a triple output pulse (i.e.,

2.6x106 W/cm2).

Figure 6.10: Temporal optical response under pulsed operation for peak Pin=2.6x106

W/cm2, ∼0.43 eV SLG Fermi level and SLG e-e relaxation time at the range of 0.1-50 fs.

Figure 6.10 confirms that even slight modifications in e-e scattering time within graphene

result in a significant change of the cavity’s optical response in terms of amplitude, time

duration, and shape. The multi-color diagrams on the right inset of Figure 6.10, represent-

ing four different SLG e-e scattering times, can prove that as τe−e,SLG is slightly increased,

a single peak (∼10 fs) transforms into a double (∼15 fs) or even triple (∼20 fs) peak con-

figuration. For larger relaxation times (beyond ∼25 fs), a dominant center peak emerges,

significantly increasing in amplitude and restoring the pulse shape to single peak perfor-

mance. The remarkable sensitivity of the output pulse shape to a few ∼fs modification

in τe−e,SLG, suggests that the micro-physical processes within graphene play a significant
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role in shaping nanocavity’s optical response during pulse operation. This insight prompts

the consideration of an inverse approach, wherein the output pulse shape could serve as

a key diagnostic tool for understanding the internal graphene processes, without the need

for ultrafast spectroscopy.

6.4 Conclusions

In summary, in this chapter we demonstrate efficient and high-speed graphene-based electro-

absorption modulation and, primarily, ultrafast pulse-shaping with graphene under non-

linear intensity light pulses. Utilizing a fine-tuned graphene-loaded Bragg resonator de-

vice, operating in the reflection mode, critical coupling can be achieved, regardless of

graphene’s quality. The key to this achievement lies in the ability to precisely tune the

electrostatic doping of graphene, equating cavity’s decay and absorption rates, without the

need of altering the device’s architecture. This approach consistently yields a significant

modulation depth of over 100%, with minimal insertion loss and the capability for GHz

modulation. Furthermore, this mechanism can be extended to various operational devices,

including a highly sensitive acousto-absorption modulator, providing around 30 dB/Å, or

an accurate index sensor with a sensitivity of approximately 107%/RIU. In this chapter, we

assess the physical behavior and capabilities of the same graphene-based Bragg resonator

under non-linear intensity light pulses, operating at 1550 nm. Taking into account all the

relevant factors, we manage to reshape the incident high-power pulse and generate an out-

put pulse with desired properties, including amplitude, duration, and shape. Through this

graphene-based configuration, we notice light amplitude modulation and ∼ps pulse shap-

ing, which can be attributed to the elevated SLG electronic temperature and the presence

of non-equilibrium carriers in pumped graphene, affecting its absorptivity. Deviations

from the critical value of SLG absorptivity play a pivotal role in modulating the pulse’s

amplitude and duration, potentially resulting in a single, double, or triple peak pulse in

timescale. Furthermore, due to nanocavity’s high sensitivity in graphene’s e-e relaxation

time changes, consequently resulting in output pulse shaping, the same device can serve

as a highly sensitive diagnostic tool for identifying micro-physical processes in graphene.

It is noteworthy that all our considerations and designs, specifically for λ=1550 nm, can

be easily extended across a broad spectrum. Our findings show that device’s applicability

can be extended from visible to THz, provided that the architecture and materials are ap-

propriately selected, and SLG absorbance is not restrained by Pauli blocking at elevated

temperatures.
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Chapter 7

TMD-based LED with Graphene

Layered Material (LMHs) or van der Waals Heterostructures (vdWHs), as described in

section 2.4, offer the capability to produce electroluminescent (EL) devices that function

from visible to NIR spectral range. Due to their direct bandgaps from visible to NIR and

stable exciton particles at room temperature (RT) [1–10], LMHs, including monolayer

TMDs, have the potential to be employed in the creation of 2D LEDs [11–20]. Such ultra-

fast and efficient nanoscale emitting semiconductors are an ideal choice for future directly

modulated nanoscale light sources. Nonetheless, up to now these devices exhibit low EL

quantum efficiency, approximately 10−4% to 1%, and PL quantum efficiency from 10−3%

to 5%, respectively. On account of this, photonic cavity, plasmonic cavity and antenna-

coupled TMD-based LEDs have demonstrated their potential and capabilities at high effi-

ciency and speed (up to ∼GHz) for nanoscale light sources, outperforming nanolasers in

speed. In this chapter, we FDTD model an 1L-TMD/hBN/SLG heterostructure, display-

ing enhanced LED emission at visible frequencies, when it is affected by a photonic cavity

for free-space radiation, and/or exploiting antenna’s plasmonic effects for both free-space

and integrated photonics. Notably, we explore free-space 1L-WS2-based LED emission,

when enhanced by a photonic cavity resonance and reveal an EL enhancement of ×5.75,

that reaches ×16 in the vertical direction (e.g., narrow NA=0.00125). Furthermore, we

model an antenna-enhanced WSe2-LED positioned on top of a single-mode dielectric WG,

exploiting plasmonic antenna near-field effects. Combining a geometry and material op-

timized plasmonic Bow-Tie antenna with a SiN waveguide, we manage to achieve an en-

hanced quantum efficiency of∼8 dB and high-speed LED emission for integrated sources.

The critical combination of plasmonic Purcell enhancement with light coupling into WG,

enhances the amount and speed of waveguided light. Their ultrafast radiative lifetimes

and high EL efficiency make these designs attractive for future high-speed directly modu-

lated nano-emitters. All the considerations and designs studied here can also be extended

for other TMD emission wavelengths.

This chapter is based both on recently published work:
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• A. R. Cadore, B. L. T. Rosa, I. Paradisanos, S. Mignuzzi, D. De Fazio, E. M. Alex-

eev, A. Dagkli, J. E. Muench, G. Kakavelakis, S. M. Shinde, D. Yoon, S. Tongay,

K. Watanabe, T. Taniguchi, E. Lidorikis, I. Goykhman, G. Soavi, and A. C. Ferrari,

Monolayer WS2 electro- and photo-luminescence enhancement by TFSI treatment,

2D Materials (2023)

https://doi.org/10.48550/arXiv.2305.01791

And on our next publication in progress:

• A. Dagkli and E. Lidorikis, Plasmonic ultrafast integrated TMD-based LED with

Graphene

https://doi.org/10.48550/arXiv.2305.01791
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7.1 Introduction

The recent progress in developing atomically thin layers of van der Waals bonded solids

has opened up new opportunities for the exploration of 2D physics and material appli-

cations. Among them, monolayers of TMDs provide an ideal platform for investigating

light-matter interactions and many-body effects at the atomic scale [1, 21–23], as thor-

oughly described in section 2.4. In contrast to bulk semiconductors [22], due to their

direct bandgaps, these monolayers offer reduced dielectric screening and spatial confine-

ment of charge carriers [21], becoming promising candidates for new generation nanoscale

LEDs. 1L-TMDs create a favorable environment for the generation of various excitonic

complexes, that could be controlled by the modulation of carrier density [21–28].

LMHs which combine SLG, 1L-TMDs, and hBN, ranging from single-layer hBN to

structures with hundreds of layers, hold great promise in the fields of electronics [29, 30],

photonics [31] and optoelectronics [32, 33]. These LMHs, featuring direct bandgap 1L-

TMDs, have the potential to be employed in the creation of LEDs [11–20], that offer

high-speed modulation capabilities (up to GHz) [19, 27, 34] and the flexibility to tune

the emission wavelength [19, 26, 27], spanning a wide range from visible to near-infrared

wavelengths. However, so far, these devices demonstrate a low EL quantum efficiency, ap-

proximately 10−4% [35, 36] to 1% [26, 27, 37–40], and PL quantum efficiency of 10−3%

[3, 41] to 5% [21–23], respectively. For this reason, photonic cavity [19, 42–44], plas-

monic cavity [45, 46] and antenna-coupled [47–51] nanoscale light emitters have show-

cased their promising abilities and potential, displaying high efficiency and speed opera-

tion (in the GHz range), that are able to surpass nanolasers in terms of speed [46, 52–55].

Here, we FDTD model and explore photonic cavity enhanced 1L-WS2/hBN/SLG het-

erostructure for free-space light emission and Bow-Tie antenna-enhanced 1L-WSe2/hBN/

SLG heterostructure for both free-space and integrated light emission.

7.2 TMD-based LED performance metrics

In this section, we will define important concepts and performance metrics related to 2D

LEDs based on 1L-TMDs. Here, we consider an TMD/hBN/SLG based on a single tun-

nelling junction made of vertically stacked LMHs, as shown in Figure 7.1(a).
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Figure 7.1: (a) Schematics of 1L-TMD/hBN/SLG LED. Band diagram for (b) V=0V and

(c) V>0V. Tuning SLG’s EF (gray dotted line) across the 1L-TMD valence band edge, EV

, allows hole tunneling from SLG to 1L-TMD, resulting in light emission via electron-hole

radiative recombination (e) from the n-type 1L-TMD. The blue circles represent electrons

(e) accumulated on 1L-TMD due to the LMH, while the red circles are holes (h) injected

into 1L-TMD through the hBN barrier.

The illustrations of Figure 7.1 show the cases of (b) zero-applied bias and (c) a finite

positive bias applied to the SLG. Tuning graphene’s Fermi level EF across TMD conduc-

tion band edge EC , allows hole tunneling from SLG, through hBN tunnelling barrier, to

TMD (e.g. 1L-WS2), resulting in light emission via radiative recombination of the elec-

trons with the holes residing in the n-doped TMD layer. The appearance of valence-band

holes above the Fermi level is due to the natural n-doping of TMD.

7.2.1 LED quantum efficiency and light coupling into a WG

In LEDs based on 1L-TMDs, EL quantum efficiency depends on both the optical proper-

ties of the material [3, 9, 35–38, 56] and its doping level [26, 39–41, 57]. In this subsection

we will describe the optical mechanisms and basic concepts in order to determine EL Ex-

ternal Quantum Effiency (EQE) of a TMD-based LED.

As mentioned in section 3.3, according to Fermi’s Golden Rule, the radiative recom-

bination rate of spontaneous emission γr for a typical LED is proportional to

γr ∝
2π

h̄
| < i|M |j > |2D(ω) (7.1)

Where D(ω) is the density of states at ω optical frequency and < i|M |j > the transi-

tion probability (M matrix element) between initial i and final states j (also referred to

as pij). γr is proportional to D(ω) and can be affected by dielectric or geometrical envi-

ronment. The non-radiative recombination rate γnr (e.g., Auger recombination and poly-

phonic recombination [47]) is absolutely affected by the selection of materials that are part
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of emitting LMHs, when calibrating devices with identical 2D LED emitters. Τhe Internal

Quantum Efficiency (IQE) of LED ηint, which is the number of photons produced, due to

e-h recombination in the active region [58], is obtained by the ratio of radiative recombi-

nation rate γr to the total recombination rate of LED (i.e. the sum of γr and γnr rates), as

shown in the following expression

ηint =
γr

γr + γnr
(7.2)

The above Equation 7.2 can also be written as a function of radiative ( τr = 1/γr( 1/Q))
and non-radiative (τnr = 1/γnr) recombination lifetimes

ηint =
1

1 + τr
τnr

=
τ

τr
(7.3)

where τ is the recombination lifetime of carriers in active region and it is also known as

bulk recombination lifetime τ−1 = (τr + τnr)/τnrτr. The decrease of radiative lifetime τr
and the inversely proportional enhancement of γr, due to the presence of a cavity, or an

antenna, is known as the Purcell effect [59]. The Purcell factor F expresses this γr change

and can be derived from

F =
3Q

4π2n

λ3

Veff

(7.4)

It is defined for 3D structures of effective modal volume Veff =
∫
ε|E|2dV

max(ε|E|2) and mode

quality factor Q = λ
∆λ

, with ∆λ the narrow emission linewidth around λ [45]. When

spontaneous emission happens, with the presence of a cavity or an antenna, radiative rate

is enhanced by

γr =
1

τr
=

Fβ

τ 0
(7.5)

where β is the fraction of spontaneous emission that is coupled into the fundamental cavity

optical mode and τ 0 the bulk spontaneous emission lifetime for the calibration device.

Supposing that we have small effective volume Vn = Veff/(λ0/2n)
3, the free spectral

range of the mode will allow only one mode to overlap with the gain bandwidth, and thus

β = 1. Assuming a constant current source, when spontaneous emission happens, γr is

proportional to the density of states D(ω) and, thus, to the total emitted optical power Stot.

For a given density of dipoles per unit volume, in case that each dipole represents radiation

due to electron-hole recombination, a modification in γr can change Stot, directly defined

by FDTD simulations. The Purcell efficiency enhancement can be written as

ηPurcell =
γr
γ0
r

=
Stot

S0
tot

(7.6)

where (0) denotes the calibration device and Stot = Sfree + Slost + Sabs(+SWG). Sfree is

the useful free-space radiation power, Slost is the power that is lost in the substrate, Sabs

the absorbed power if absorbing materials are used, and SWG the power that is coupled

into dielectric WG, if studying waveguiding devices. Assuming that γnr = γ0
nr (for an

identical LMH), we can derive from Equation 7.2, for the calibration device, the unknown

γnr as [60]

γnr = γ0
r (η

0
int

−1 − 1) (7.7)
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Substituting the derived γnr to Equation 7.2 for a proposed device, we determine

ηint =
1

1 + γ0
r

γr
(η0int

−1 − 1)
(7.8)

which can be also written, using Equation 7.6, as

η−1
int = 1 + η−1

Purcell(η
0
int

−1 − 1) (7.9)

The final EL quantum efficiency of LEDs (η), which represents the ratio of emitted pho-

tons to injected electrons, while PL efficiency is the ratio of emitted photons to absorbed

photons, is decomposed into three terms, which account the respective efficiencies of the

carrier injection process (ηinj), recombination process (ηint), and photon emission process

(ηextr) of LED. This significant quantity can be written as

η = ηinjηintηextr (7.10)

Where ηinj and ηextr are the injection and light extraction efficiencies, respectively. ηextr
represents the light that goes out of the device and is the proportion of photons that escape

from the device to the number of photons generated internally in the active region. In case

of coupling light into a WG, ηextr corresponds to coupling efficiency (ηcoupling). These

efficiencies can be directly obtained from FDTD calculations, as

ηextr =
Sfree

Stot

, ηcoupling =
SWG

Stot

(7.11)

The injection efficiency is merely affected by electrical circuit losses, assuming for sim-

plicity that it is independent of the substrate and equal to 1. Namely, we suppose that all

the electrons passing through the device are injected into the active region of LED. This

approximation is not essentially sufficient, when we have to deal with a realistic experi-

mental measurements. Combining 7.9 and 7.10, we can derive the final η for free space

antenna-enhanced LED designs

η−1 = η−1
extr(1 + η−1

Purcell(η
0
int

−1 − 1)) (7.12)

For integrated WG designs ηWG can be respectively evaluated by

η−1
WG = η−1

coupling(1 + η−1
Purcell(η

0
int

−1 − 1)) (7.13)

7.2.2 LED frequency response

In order to characterize the modulation frequency response of a cavity- or an antenna-

enhanced nano-LED, the dynamic rate equations are studied [46]. In the most general case,

nanoscale LEDs can be described by the standard laser rate equations, with the addition

of Purcell enhancement [61], as

dN

dt
= J −GS − Fβ

N

τsp0
− (1− β)

N

τsp0
− N

τnr
dS

dt
= [ΓG− 1

τph
]S + ΓFβ

N

τsp0

(7.14)

Where N and S are the carrier and photon densities respectively, τph = 1/γph = Q/ω0 is

the photon lifetime, τsp0 is the bulk spontaneous emission lifetime, J is the pump current,
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G the net stimulated emission gain (for lasers) and Γ ≡
∫
activeregion |E|2dV∫
entirecavity |E|2dV the modal con-

finement factor (i.e. the fraction of photons within the active region interacting with gain

material).

For a cavity-enhanced LED, we ignore stimulated emission contribution and non-

radiative term. Since cavity’s volume is small, β=1 and the above expressions are modified

to

dN

dt
= J − F

N

τsp0
dS

dt
= ΓF

N

τsp0
− S

τph

(7.15)

The modulation frequency response can then be found by taking the small-signal response,

which is dominated by enhanced spontaneous emission rate γr = Fβ/τsp0 and photon

decay rate γph. If J = J0e
iωt, N = N0e

iωt and S = S0e
iωt, this response will be the ratio

of photon density change to current density change and can be written as

H(ω) =
∆S(ω)

∆J(ω)
= Γτph

1

(1 + iω
γph

)(1 + iω
γr
)

(7.16)

In order to estimate optical and electrical modulation frequency bandwidths of LED, we

find the frequency at which |H(ω)| and |H(ω)|2 are half the DC response, respectively.

For the optical 3-dB bandwidth we use the absolute value of the H(ω) response, so

|H(ω)| = 1

2
⇒ |1 + iω

γph
||1 + iω

γr
| = 2 ⇒ ω4τ 2phτ

2
r + ω2(τ 2ph + τ 2r ) = 3 (7.17)

For the nano-LED, the resonance frequency is simplified to ω2 ' 1
τphτr

and the bandwidth

of Equation 7.17 is reduced to

f opt
3dB =

√
3

2π
√
τ 2ph + τ 2r

(7.18)

For electrical frequency bandwidth, we use the equality |H(ω)|2 = 1
2
. This yields a 3-dB

modulation bandwidth of

f opt
3dB =

1

2π
√
τ 2ph + τ 2r

(7.19)

7.3 Experimental TMD-based LED

Recent experimental study, performed by Cadore et al. [62], demonstrated that treating

1L-WS2 based LEDs with the superacid bis-(trifluoromethane) sulfonimide (TFSI) sig-

nificantly enhances the EL quantum efficiency by more than 10-fold at room temperature.

In untreated devices, the predominant light emission comes from negatively charged ex-

citons, whereas treated devices primarily involve radiative recombination of neutral exci-

tons. This breakthrough opens the door to the development of tunable and highly efficient

LMH-LEDs.
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In this study, 2D LEDs were fabricated using 1L-WS2 as the active material within a

Metal-Insulator-Semiconductor (MIS) architecture. EL and gated-PL were evaluated both

before and after subjecting the LEDs to TFSI treatment. The results revealed a remark-

able enhancement in both EL efficiency (η) and PL intensity following TFSI treatment.

Specifically, η increased by more than 10-fold at RT, while PL intensity by a 5-fold in-

crease. Before TFSI treatment, both excitons (X− and X0) were detected in EL and PL.

However, after treatment, X0 became the dominant exciton. This shift is attributed to the

depletion of excess electrons and changes in the relaxation pathway induced by TFSI treat-

ment. These findings hold significant implications for the development of more efficient

LEDs and excitonic devices based on 1L-TMDs.

The selection of 1L-WS2 as the active light-emitting layer was motivated by its direct

bandgap [63–65] and larger PL emission compared to 1L-MoS2 (∼60 times stronger than

1L-MoS2) at RT [40]. Additionally, η can be up to ∼50 times larger than in case of 1L-

MoS2 [13, 14] at RT and previous studies [66–70] have shown that TFSI treatment can

increase almost 10 times the PL intensity of 1L-WS2.

In Figure 7.2(a-b) the configuration of 1L-WS2/hBN/SLG tunnelling junction and the

optical image of this device are shown. In this set-up, metallic electrodes provide contacts

for voltage (V) application between SLG and 1L-WS2.

Figure 7.2: (a) Schematic of 1L-WS2-based LED. Cr/Au electrodes, SLG, FLG and hBN

are indicated. (b) Optical image of this device produced by Cadore et al. [62]. The

dashed lines delineate the footprint of SLG, FLG, hBN, and 1L-WS2. The active area is

represented by the green-shaded region. The bottom SLG is contacted by Cr/Au, while

FLG makes contact with the top 1L-WS2.

Cadore et al. [62] managed to estimate the EQE of LED illustrated in Figure 7.2(a).

This efficiency was defined as the ratio of the number of emitted photons (Nph) and that

of injected holes per second (Nh) [71]

EQE =
Nph

Nh

=

∑
λNph−counts

Nh

× Aeff

nsys

(7.20)

where
∑

λNph−counts is the sum of photons collected by spectrometer over the measured

spectral rangeAeff = AA/Aspot, whereAspot is the microscope objective spot sizeAspot ∼
2.2 um2 (λ=618 nm and NA=0.45). The efficiency factor ηsys ∼ 0.0051 is defined by the

ratio of the photons collected by the detector over the emitted photons (EL) at the sample

position.
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By utilizing Equation 7.20, an EQE of ∼ 0.025% ± 0.021% for pristine LEDs and ∼
0.195% ± 0.324% for TFSI-treated LEDs is derived. This signifies an increase of 8.7 ± 1.5-

fold, showcasing TFSI’s capability to enhance EQE by nearly one order of magnitude. An

EQE of approximately 0.2% surpasses previously reported values for 1L-WS2-based EL,

such as ∼ 0.1% on a SiO2/SiNx microcavity [56], ∼ 0.1% for bulk organic emissive layers

[72], and ∼ 0.1% for semiconducting (6,5) single-wall nanotubes [73]. The performance

of WS2-LEDs can be further enhanced when situated within a photonic cavity [6, 19, 42–

44, 46, 74–76].

7.4 TMD-based LED on typical SiO2/Si substrate

To evaluate the cavity enhanced EQE, we extract the performance metrics from experi-

mental reference measurements on SiO2/Si substrate (i.e. EQE(ref) ' 0.2% for TFSI-

treated LED at average λ=624 nm) and project them on the simulation results of the cav-

ity system. Figure 7.3(a) shows the position of experimental EL emission for pristine and

TFSI-treated LEDs and (b) an illustration of the experimental reference device.

Figure 7.3: (a) Position of experimental EL emission for pristine (black circles) and TFSI-

treated LEDs at similar tunneling current. These values are Lorentzian fits of EL spectra

at similar current, following the centre of the main emission peak. (b) Schematic of the

reference device consisting of a SLG/hBN (3 nm)/WS2 tunneling junction LED on top

of a typical SiO2 (285 nm)/Si substrate. The absorbance of WS2 is taken into account

using its complex dielectric index derived by reference [77]. Experimental measurements

performed by A. Cadore [62].

We initially estimate the reference internal quantum efficiency IQE(ref) using Equa-

tion 7.10, where η(extr,ref) and η(inj,ref) are the extraction efficiency and injection effi-

ciency on the reference SiO2/Si substrate, respectively. For simplicity, we assume that the

latter is independent of the substrate and equal to 1. By 3D FDTD simulations [78] of

a 10×10 um2 reference system with a single transverse electric (TE) (i.e., parallel to the

surface) point dipole emitter on the surface center at λ=624 nm, we calculate η(extr,ref) '
14%, i.e., a significant (∼ 86%) portion of the emitted light was absorbed and/or lost into

the substrate. This yields for the TFSI-treated LED IQEref ' 1.43%.
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7.5 TMD-based LED inside a photonic nanocavity

As we mentioned before, the 1L-WS2-LED performance can be further improved if placed

within a photonic cavity. Inside a cavity, the radiative density of states increases, leading

to a proportional increase in radiative rate, due to the Purcell effect (see section 3.3). The

photonic cavity, shown in the top inset of Figure 7.4, is asymmetric to enable maximal

unidirectional emission. Nb2O5/SiO2 bilayers are used for the Bragg mirrors, with Np

the number of Nb2O5/SiO2 periods on top, a SiO2 cavity in the middle and an Ag back

mirror. At λ=624 nm the refractive indices are nNb2O5 = 2.325 [79], nSiO2 = 1.457
[80], nAg = 0.0581 + i4.212 [81], nSLG = 2.787 + i1.443 [82, 83], nhBN = 2.12 [84],

nWS2 = 5.38 + i0.382 [77]. The layer thicknesses are dNb2O5=67 nm, dSiO2=107 nm and

dcav=191 nm, while the 1L-WS2/h-BN(3 nm)/SLG LED heterostructure is placed in the

middle of the SiO2 cavity layer.

Figure 7.4: TFSI-treated 1L-WS2-LED enhanced EQE (3D calculation) in a cavity as a

function of the number Np of Bragg periods on top (see top inset). Also plotted is the

emissivity enhancement for vertical emission (1D calculation). The angular far-field in-

tensity distribution for 3 device cases (3D calculations) is shown in the lower inset. All

calculations are performed assuming electroluminescence wavelength λ = 624 nm [62].

FDTD simulations predict the cavity enhanced EQE as a function of Np, shown in

Figure 7.4. For Np=1 the EQE gets a ×5.75 enhancement, reaching ∼1.15%, attributed to

a Purcell enhancement of ×1.15 and a ×5 increase in extraction efficiency. Cavity effects

also enhance the directionality of light, as shown in the bottom inset of Figure 7.4 for

the SiO2/Si reference structure as well as for the Np=1 and Np=2 cavity structures. To

quantify the enhancement in the vertical direction (e.g., were we to use a narrow numerical

aperture, e.g., NA=0.0125 [85]), we also plot the normal emission enhancement through

1D calculations in Figure 7.4. These are in alignment with the angular plots of the full 3D

systems (lower inset of Figure 7.4) and predict an optimal cavity with Np=3 and relative
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normal emissivity enhancement of ×16. Further enhancement mechanisms can also be

considered, such as plasmonic cavities and/or antenna-coupling [47–50, 53, 86], as well

as dielectric domes on top of the device to further boost extraction.

7.6 Antenna-enhanced ultrafast TMD-based LED

Plasmonic nano-antennas, locally enhance e-fields within their antenna gap, in contrast to

the flat planar resonant cavities studied in the previous section. This leads to a significant

increase in the rate of light emission and a simultaneous reduction in their spontaneous

emission time. As a result, they are particularly valuable for plasmonically enhanced

highly efficient [47–49] and ultrafast [52, 87] (up to GHz) TMD-based LED applications.

In this section, we study 1L-WSe2/hBN/SLG LED [11, 85, 88] under plasmonic Bow-

Tie antenna for free-space and, especially, for integrated photonics. Namely, we model

WSe2-based LED, under Bow-Tie antenna, when on top of a typical free-space SiO2/Si

substrate and/or planarized SiN/SiO2 WG devices for integrated light emission [2]. We use

practical considerations to calibrate devices, as described in sections 7.2 and 7.4, assuming

∼ 1% EQE, when on top of a typical SiO2/Si substrate [15, 17, 18]. We geometrically

optimize and tune plasmonic resonance at ∼750 nm (the absorption resonance WSe2) and

combine ηcoupling into WG (or ηextr for free-space radiation) with the improved Purcell

enhancement, exploiting Bow-Tie antenna’s near-field effects [87]. We demonstrate that

a critical combination of ηPurcell and ηcoupling (or ηextr) can boost by over one order of

magnitude the final ηWG enhancement (or η). Higher ηWG can be achieved using low-

loss antenna materials, such as Ag, and a one-sided omnidirectional Bragg grating, totally

reflecting light into a single-mode WG. Remarkably, we find that the plasmonic resonance,

due to antenna’s near-fields, enhances radiative emission rate, producing one order of

magnitude higher ηWG, compared to no antenna cases. Our numerical work predicts that,

for an optimized device with low antenna losses (aL) (i.e., high ηcoupling) and high ηPurcell,

ηWG can reach about ∼ 16% (-8 dB), by the appropriate material selection, dielectric

environment and scaling of Bow-Tie dimensions. Furthermore, radiative lifetime reduces

to a few ∼fs, increasing LED’s speed, which is merely limited by photon lifetime.

7.6.1 Antenna-enhanced TMD-based LED for free-space emission

By coupling nanoscale LED to an external plasmonic antenna, its spontaneous emis-

sion rate can be dramatically increased alluding to the exciting possibility of an antenna-

enhanced LED, that can be directly modulated faster than a laser. In this study, 1L-WSe2-

based LED is modelled using the 3D FDTD method, described in [78], in conjunction with

a Bow-Tie nano-antenna, when placed on a dielectric substrate. As described in section

7.4, facing the unknown γnr parameter, we need to initially assume a calibration device,

in order to determine the EQE (see η in Eqs. 7.12-7.13) of LED devices. Experimental

measurements for a WSe2/hBN/SLG LED, lying on top of a standard SiO2 (285 nm)/Si

substrate (see Figure 7.3(b)), have revealed that EQE(ref) reaches up to ∼ 1% at 750 nm

(within the emission spectrum of WSe2). Taking this into account and directly defining

by 3D FDTD calculation η(extr,ref) ' 12.5%, we estimate IQE(ref) ' 8% of this device

(see Equation 7.10), in order to calibrate selected plasmonic antenna layouts.

Subsequently, LED configurations with a gold Bow-Tie nano-antenna on a SiO2(3

um)/Si substrate for free-space radiation (see Figure 7.5(a)) were examined, wherein the

calculation of plasmonic Purcell enhancement factor, metal and substrate losses, as well as
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the internal and external quantum efficiencies of LED, were obtained. Dipole’s orientation

is assumed to be along antenna’s length (TE polarization) and the refractive indices at

λ=750 nm are nAu = 0.1388 + i4.491 [81], nSiO2 = 1.454 [80] and nSi = 3.67 [89].

Figure 7.5: (a)Schematic of Bow-Tie antenna-enhanced WSe2/hBN/SLG LED on top of

SiO2 (3 um)/Si substrate. (b) Emissivity enhancement (Swith
free/S

w/out
free ) as a function of

wavelength for three different antenna’s length (L) cases. Inset: Electric-field intensity

distribution under geometrically optimized TE-polarized Bow-Tie antenna at λ=750 nm.

The geometrical parameters of antenna’s length, width, small width and gap length are

also shown in figure.

As mentioned, Bow-Tie nano-antenna generates enhanced plasmonic fields in close

proximity, particularly within its gap, as depicted in the inset of Figure 7.5(b) (white color),

thereby enhancing LED performance. This results in a highly increased LED’s emissiv-

ity enhancement compared to no antenna case (Swith
free/S

w/out
free ), which red-shifts when an-

tenna’s length L gets bigger (see Figure 7.5(b)). By appropriately selecting nano-antenna’s

geometry, material losses can be limited, resulting in an improved Purcell efficiency en-

hancement (see subsection 7.2.1) and, thus, increased free-space light emission. Further-

more, by carefully choosing the geometrical parameters of nano-antenna, it is possible to

achieve the desired spectral shift of plasmonic resonance within the emission range of any

TMD emitter. Thus, cases of different L and gap lengths were studied in order to propose

an optimized geometry.

In Figure 7.6, we plot ηPurcell as a function of wavelength for selective L and gaps.

We use a fixed antenna’s width W=60 nm, small width w=20 nm and thickness t=20 nm.
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Figure 7.6: Bow-Tie antenna-enhanced WSe2/hBN/SLG LED for free-space: Purcell ef-

ficiency enhancement as a function of wavelength for variable Bow-Tie antenna’s lengths

L (a) and gaps (b). In both (a-b) we use fixed W=60 nm, w=20 nm and t=20 nm.

It is noteworthy that, by increasing antenna’s length L (i.e. L=60-80 nm), Purcell en-

hancement red-shifts, surpassing three orders of magnitude compared to the same set-up

without the antenna (Figure 7.6(a)). Similarly, decreasing gap length (i.e. gap=100-10

nm) leads to a significant exponential enhancement in Purcell efficiency, accompanied by

a slight red-shift (Figure 7.6(b)). Our geometric optimization points towards an arrange-

ment with a narrow gap (approximately 10 nm) and a length L of around 70 nm, adjusted

to demonstrate plasmonic resonance near 750 nm. This optimized design for free-space

radiation yielded a Purcell enhancement of ∼6x103 and a final enhanced EQE of ∼5.5%,

approximately five times higher than that of the configuration without the antenna.

7.6.2 Antenna-enhanced TMD-based LED for integrated photonics

In this work, optical analysis was also conducted on integrated WSe2-based LED con-

figurations, when combined with a Bow-Tie plasmonic nano-antenna [2, 11, 85, 88]. To

enhance coupling of a plasmonically enhanced LED with a dielectric waveguide, it is

crucial to first of all study the same WG device without the antenna, in order to deter-

mine coupling efficiency ηcoupling (see Equation 7.11). Figure 7.7(a) shows a schematic

of WSe2-based LED on top of a planarized SiN WG lying on SiO2(3 um)/Si substrate.

The refractive index of SiN at 750 nm is nSiN=2.028 [90]. Multi-mode WG thickness and

width are fixed at hWG=400 nm and wWG=1.1 um, respectively.
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Figure 7.7: (a) Schematic of 1L-WSe2/hBN/SLG LED on top of a planarized SiN WG

lying on SiO2(3 um)/Si substrate. (b) WG efficiency (ηWG) as a function of wavelength

without (light blue line) and with (red line) a lateral planarized DBR mirror (optimized to

omnidirectionally reflect light). Schematic of a similar 1L-WSe2-based LED device with

a back Bragg grating is shown in the middle inset.

Our exploration into SiN waveguides commences by analyzing their properties, when

not taking into account the plasmonic influence of the nano-antenna. Our primary ob-

jective is to achieve optimal light coupling within the waveguide. In Figure 7.7(b), we

conduct EQE calculations for a multi-mode WG device, both with and without the pres-

ence of a horizontal dielectric back grating (illustrated in the middle inset of Figure 7.7(b)),

showcasing horizontal interference phenomena. The planarized SiN/SiO2 back grating we

use is fine-tuned to reflect nearly 100% of incident polygonal light. The period of back

grating is fixed at p=260 nm (Np=20 periods) and the duty cycle is 0.5 (d(SiN)=130 nm),

respectively. It is noteworthy that the light emitted by the WSe2-based LED primarily dis-

sipates into the substrate and disperses into free space, permitting only a limited fraction

of light to couple into the waveguide. As shown in Figure 7.7(b), without the lateral Bragg

reflector coupled light reaches less than ∼ 1%, while by using the omni-directional Bragg,

all the enhanced light was directed in one side, thereby providing a two-fold increase in

performance. This results in an improvement in the optical efficiency of LED within the

waveguide of ηWG ' 2%.

Figure 7.8(a) shows e-field intensity distribution (xz cross section) in the multi-mode

SiN WG. Here, we observe the presence of a hybridized mode within the waveguide,

characterized by a dark antinode region in the center of waveguide’s cross-section. In

our pursuit of achieving the optimal light coupling for the fundamental mode within the

waveguide, we conducted geometric optimization of the planarized SiN waveguide, as

depicted in Figure 7.8(c-d).
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Figure 7.8: E-field intensity spatial distribution (xz cross section) in case of (a) a typical

easy to fabricate multi-mode (1.1 um x 400 nm) and (b) an optimal single-mode (400

nm x 150 nm) SiN WG under WSe2-based LED. ηcoupling (black circles) and resonant

wavelength λ (red circles) as a function of WG thickness (c) and width (d).

In Figure 7.8(c), it is evident that coupling efficiency ηcoupling exhibits a range of vari-

ation between ∼8-12% for WG thicknesses ranging from 150 nm to 400 nm (fixed WG

width at 400 nm). Additionally, our observation reveals that with an increase in WG thick-

ness, the resonant wavelength undergoes a shift towards longer wavelengths. Beyond a

threshold thickness of approximately 250 nm, a secondary mode emerges, consequently

causing the resonance to shift towards shorter wavelengths. Maintaining a constant WG

height at 150 nm, we observe, once more, a wavelength shift towards longer wavelengths

with an increase in WG width, as illustrated in Figure 7.8(d). The single-mode waveguide

with the best coupling efficiency at 750 nm was found to have small dimensions (400 nm

x 150 nm), as this allowed for a more enhanced overlap with the fundamental WG mode.

Figure 7.8(b) shows e-field intensity spatial distribution for this optimal single-mode WG

case. In this case, light coupling achieves an approximate value of ∼ 12% at 750 nm, with

the fundamental mode exclusively propagating within the waveguide.

Up to this point, our aim was to enhance the coupled light within the single-mode

waveguide. Moving forward, our focus has shifted towards enhancing the radiation of

WSe2-based LED, by leveraging Purcell enhancement and employing the suitable nano-

antenna. Gold Bow-Tie nano-antenna is designed and placed on top of the planarized SiN

waveguide integrated with the dielectric omnidirectional Bragg grating mentioned above

on a SiO2(3 um)/Si substrate, as depicted in the schematic representation of Figure 7.9.
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Figure 7.9: Schematic of WSe2-based LED on a planarized single-mode (400 nm x 150

nm) SiN waveguide and a one-sided omnidirectional SiN/SiO2 Bragg grating, with the

addition of a metallic Bow-Tie nano-antenna positioned on top.

As described in Section 7.6.1 for free-space radiation, by carefully selecting nano-

antenna’s geometry, we are able to enhance by orders of magnitude the Purcell enhance-

ment. Utilizing the LED configuration of Figure 7.9, we also manage to enhance the

percentage of light entering SiN WG, thereby increasing the coupling of the fundamen-

tal mode. Furthermore, with the use of the polygonal dielectric reflector, shown in the

schematic, designed to exhibit omnidirectional performance, all the enhanced light propa-

gates in one direction, providing performance improvement of a factor of ×2. As a result,

the optical efficiency of LED within the waveguide is enhanced. The enhanced perfor-

mance of this integrated plasmonic LED configuration is depicted in Figure 7.10.

Figure 7.10: (a) ηcoupling (red) , ηPurcell (purple) and final ηWG (black continuous line)

efficiencies for variable Bow-Tie antenna gaps at different resonant wavelengths (see Ap-

pendix C.1). The black dashed line represents ηWG at 750 nm. (b) Final ηWG and ηPurcell

enhancement as a function of wavelength with the existence of the optimal Bow-Tie an-

tenna of gap=20 nm. Right inset: Coupling efficiency, antenna (aL) and substrate+free

losses for the same antenna geometry. Left inset: E-field intensity distribution at the bot-

tom of the optimal antenna at 750 nm. Fixed antenna’s length L=50 nm, width W=40 nm,

small width w=20 nm and thickness t=20 nm.

Figure 7.10(a) depicts ηPurcell enhancement, ηcoupling percentage of light within the



CHAPTER 7. TMD-BASED LED WITH GRAPHENE 150

waveguide and the final ηWG efficiency as functions of antenna’s gap length. As the gap

size decreases, an increase in Purcell enhancement is observed, as expected from our pre-

vious free-space study and Appendix C.1, accompanied by an inversely proportional re-

duction in coupling within the waveguide. Following Equation 7.13 for η(ref) ' 1%

at 750 nm, we are led to the final ηWG (black dashed line). In Appendix C.2, alterna-

tive values of η(ref) are used to derive the final ηWG enhancement. The final ηWG for the

optimal antenna geometry with the respective Purcell enhancement, due to antenna’s near-

fields, as a function of wavelength are both shown in Figure 7.10(b). The performance

of this integrated LED configuration increases by a factor of ×3 (∼ 7%), compared to

the same set-up without the antenna (dashed line). While ηPurcell enhancement reaches

nearly ∼700, the relatively low ηcoupling efficiency results in an even low enhancement of

ηWG compared to the case without the antenna. Therefore, we depict coupling efficiency

and losses, i.e., antenna material losses (aL) as well as the sum of substrate and free-space

losses (Losssub+free), in the right inset of Figure 7.10(b). It is evident that both the losses

attributed to antenna material (approximately 63% for gold) and Losssub+free (∼30%)

are notably high at 750 nm. This high level of losses contributes to a considerable low

coupling efficiency (∼7%) that affects ηWG.

As mentioned above, antenna losses significantly affects the ability to couple light into

the waveguide. One effective approach to mitigate absorption losses within the antenna

is by employing a low-loss material (see Appendix C.3). Using an Ag Bow-Tie antenna,

for instance, losses are mitigated due to the interband transitions being shifted towards

higher energies. The implementation of Ag metallic antenna effectively addresses high

losses and results in improved coupling efficiency for higher wavelengths, as illustrated

in Figure 7.11.

Figure 7.11: ηPurcell enhancement (continuous lines) and antenna losses (aL) (dotted lines)

for Au (black), Al (dark green) and Ag (red) Bow-Tie antenna material cases. The top

insets correspond to e-field intensity distributions on the WG cross-section in case of Au

and Ag Bow-Tie antenna, respectively.

From Figure 7.11, the metal that exhibits the lowest losses (aL(Ag)'15% at 750 nm)
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and appears to be the most suitable for light scattering and LED efficiency enhancement

is Ag. Geometric parameters are customized for each material. For instance, Ag antenna’s

dimensions are set as follows: L=70 nm, gap=20 nm, W=40 nm, w=20 nm and t= 20 nm.

Figure 7.12(a) shows the final efficiency of the waveguided light for the three different

metallic antennas and without the plasmonic enhancement (dashed line).

Figure 7.12: (a) ηWG efficiency for Au (black), Al (green) and Ag (red) Bow-Tie antenna

cases as a function of wavelength. (b) Maximum red-shifted ηWG in case of Ag antenna

immersed in SiN (<=100 nm). The black dashed line represents ηWG at 750 nm. Inset:

Schematic of Bow-Tie antenna-enhanced WSe2-based LED on the planarized SiN waveg-

uide of Figure 7.9, when embedded in SiN with thickness <=100 nm.

In case of Ag, ηWG efficiency increases by up to 8 times (∼ 16%, -8 dB) at 750

nm, compared to the simple case without the antenna. Furthermore, when Ag antenna is

immersed in SiN with a thickness of <=100 nm (see the middle inset of Figure 7.12(b)),

further enhancement of ηWG is achieved for the fundamental WG mode (up to ∼ 35%)

(see Figure 7.12(b)), along with a concurrent red-shift of the plasmonic resonance, due to

the increase in the effective index of the arrangement.

7.7 Conclusions

In summary, this chapter provides a comprehensive exploration of nanoscale LEDs based

on TMDs, driven by their potential for achieving high efficiency and speed, both for free-

space and WG device applications. Notably, our research reveals an enhancement of

×5.75 in free-space WS2-LED emission, when affected by a photonic cavity, that reaches

×16 in the vertical direction (e.g., narrow NA=0.00125). Simultaneously, when a WSe2-

LED is positioned on top of a single-mode dielectric SiN WG, antenna-coupling effects

contribute to enhancing integrated LED emission. Utilizing a geometrically and material

optimized plasmonic Bow-Tie antenna on top of nano-LED is a versatile tool in achieving

higher efficiency (∼8 dB) and faster LED emission (up to∼GHz) for integrated sources. A

critical combination of the plasmonic Purcell enhancement, due to the existence of metallic
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nano-antenna, with the convenient light coupling into WG, brings a significant enhance-

ment in the amount and speed of waveguided light. The key to this is to geometrically

tune plasmonic resonance and coupling overlap at the desired wavelength range. The co-

occurrence of high EL efficiency and ultrafast operation make these designs attractive for

future high-speed directly modulated nano-emitters.
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Chapter 8

Conclusions and Outlook

8.1 Summary

Chapter 1 introduces the necessity for high-speed and efficient optoelectronic devices. It

discusses the limitations of current bulk materials used in optoelectronics (i.e., GaN, GaAs

and their alloys with In, Al, P, etc.), emphasizing the need for alternative solutions. SLG

and other 2D materials, such as TMDs, are proposed as potential candidates for efficient

photonic and optoelectronic platforms. In this chapter the primary objectives of thesis are

briefly described. These objectives are to investigate the enhanced graphene-light inter-

action, as well as exploring the applications of graphene and 2D TMDs in optoelectronic

devices, including nanoscale optical modulators, sensors and nanoscale LEDs, operating

from visible to NIR frequency range.

In Chapter 2, a thorough theoretical review of graphene’s, TMD’s and vdWH’s op-

toelectronic properties is presented. Furthermore, the concepts outlined in this chapter

serve as the basis for investigating graphene and TMD-based optoelectronic devices stud-

ied throughout the thesis.

Chapter 3 introduces the fundamental principles of light-matter interactions explored

in this thesis. It offers a comprehensive review of the plasmonic response of metals, pho-

tonics and dipole emission.

Chapter 4 briefly discusses the computational tools and analytical methods that are

used for numerical analysis throughout this thesis.

Chapter 5 delves into the interaction between graphene and light, specifically when

integrating graphene with 3D plasmonic nanostructured silicon substrates. Our computa-

tional findings, supported by experimental measurements [1], demonstrate that the align-

ment of SLG with metallic nanoparticle-decorated silicon nanopillars enables graphene to

sample near-fields from an increased number of nanoparticles. Furthermore, the synergis-

tic effects between the nanoparticles and silicon nanopillars lead to a non-local broadband

SERS enhancement, reaching up to three orders of magnitude, compared to graphene on

flat silicon.

Chapter 6 discusses two diverse applications of graphene. In the first one, graphene

is used for IR optical modulation (Doukas et al.[2]), while, in the latter, graphene is in-

troduced as an effective material for ultrafast pulse-shaping. In this chapter, graphene is

integrated with an asymmetric Fabry-Perot nanocavity to be utilized in both free-space

IR electro-optic modulation and ultrafast pulse-shaping. Regarding optical modulation,

our research demonstrates that high-performance and fast modulation can be achieved re-

gardless of graphene quality. Additionally, this device can be transformed into a highly

160
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sensitive acousto-absorption modulator. In terms of pulse-shaping with graphene, our ex-

ploration reveals that SLG, acting as a tunable saturable absorber, can serve as a versatile

tool for modulating the amplitude, time duration, and even shape of pulses, leading to

the generation of multiple peaks. Moreover, this pulse-shaper can be used as a sensitive

diagnostic tool for identifying intrinsic graphene processes.

Chapter 7 presents a comprehensive investigation of nanoscale LEDs based on 1L-

TMDs, driven by their potential for achieving high efficiency and speed. Our focus en-

compasses both free-space and integrated photonic devices, highlighting their versatile ap-

plicability. Within this study, we investigate a TMD/hBN/graphene emitting heterostruc-

ture, using monolayer WS2 and/or WSe2, respectively. Our investigation reveals an inter-

esting enhancement in LED emission, when affected by a photonic cavity [3], influencing

its directionality (bigger enhancement in the vertical direction) for free-space applica-

tions. Moreover, when situated atop a dielectric SiN waveguide and beneath a Bow-Tie

plasmonic antenna, antenna-coupling effects come into play, significantly enhancing the

efficiency and speed of integrated LED emission.

8.2 Outlook and future perspectives

As mentioned, the increasing potential of 2D materials, such as graphene and TMDs,

along with their heterostructures, for applications in photonics and optoelectronics, has

garnered increasing attention [4–10]. The optoelectronic devices, based on these 2D ma-

terials, have been successfully demonstrated, spanning optical modulators [11], photode-

tectors [12, 13], sensors, nanoscale LEDs [14] and more. The recent research focused on

these devices stems from their potential to offer enhanced efficiency, high speed, wave-

length tunability and mechanical flexibility. Notably, SLG and TMDs, due to their unique

properties [15–21], hold significant promise across various optoelectronic applications.

In addition, combining these materials within LMHs is promising for the development of

multi-functional, high-performance optoelectronic devices.

Despite notable advancements in the development of 2D material-based optoelectronic

devices, several challenges remain for their widespread commercialization and practical

application. One major challenge is the need for scalable, high-quality, and cost-effective

synthesis methods. Furthermore, leveraging the unique properties of graphene and other

2D materials, and achieving high-performance optoelectronic devices is essential for com-

mercial success. Consequently, realistic modeling tools, that accurately represent 2D ma-

terial’s optical, electrical and thermal properties are essential for designing and optimizing

new device concepts and architectures. In this thesis, we employ both computational and

analytical approaches that incorporate the opto-thermo-electrical properties of 2D mate-

rials, enabling the study of these materials within a complete device framework. These

methods are applicable to both continuous-wave (CW) and pulsed operation, covering a

wide range of operational parameters. This provides comprehensive tools for designing

and optimizing configurations based on graphene and other 2D materials. We accurately

capture the interaction between the electrical, optical, and thermal properties of 2D ma-

terials upon photo-excitation, offering valuable insights into the underlying physics and

facilitating realistic design optimization.

The reliability of our methods is demonstrated in Chapters 5,6, and 7, where they have

been validated against experimental results from the literature. We model and study opto-

electronic devices based on graphene and 2D TMDs, demonstrating that with the appropri-

ate design and optimization, these devices can achieve performances comparable, or even
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higher, to state-of-the-art configurations. As an example, the effective use of graphene,

when it is conformed on 3D plasmonic substrates, offers a broadband three-order of mag-

nitude SERS enhancement, that can be compared with efficient device configurations and

exploited for applications of large-area hybrid nanomaterials [22–24] in the fields of sens-

ing, medical diagnostics etc. Furthermore, under linear CW incident light, graphene can

be used as an effectively tunable absorbing material for optical modulation via applied

voltage at NIR. The graphene-based gate-tunable configuration proposed in this thesis is

demonstrated to feature a MD of ∼30 dB and low IL at GHz frequencies, outperforming

previous reports [25–35]. Furthermore, the temporal response of the same scheme under

non-linear high power incident pulses, can support novel ultrafast pulse-shaping operation

[36–38]. Manipulating graphene absorptivity via incident power and/or doping, we man-

age to modulate the amplitude, duration and shape, giving rise to multiple secondary peaks

at picosecond timescale. This scheme could be convenient in signal processing and is a

promising component for optical communication systems. Due to ultrafast carrier dynam-

ics and slow cooling processes of graphene, this sensitive device could be easily also used

as an innovative probe into graphene fs-scale dynamics by simply measuring the response

under intense ps-pulses. Additionally, using experimentally evaluated emitting LMHs, we

develope and propose an easy and versatile post-analysis method for the calculation of EL

quantum efficiency. Following this method, we effectively obtain an enhanced EL EQE

in both photonic cavity and antenna-enhanced LED configurations at visible frequencies.

When the proposed WS2-based LED is affected by an optimized photonic cavity, reveals

a free-space EL enhancement of ×5.75, that reaches ×16 in the vertical direction (e.g.,

narrow NA). This EL enhancement is comparable to recent findings [39–46] and our sim-

ple post-analysis method shows great promise and can be utilized in novel and practical

arrangements. Furthermore, FDTD modeling a Bow-Tie antenna-enhanced WSe2-LED

on top of a SiN WG, we manage to achieve an enhanced EL quantum efficiency of ∼8

dB and high-speed (∼GHz) single-mode LED emission, that can compete with widely

used conventional organic LEDs (OLEDs). Our proposed schemes hold promise for ap-

plications in flexible LEDs and directly modulated LEDs for integrated photonics. Due

to the recent investigation of emitting LMHs, their implementation in nanoscale LEDs

remains quite unexplored, presenting several challenges, such as higher EL and PL quan-

tum yields [47–51] and single-photon emission for integrated quantum LEDs (QLEDs)

[52–55]. Thus, our study could be also extended in these fields.

It is noteworthy that the methodologies developed in this thesis effectively capture the

interaction of 2D materials’ properties across a broad range of excitation spectra and var-

ious device configurations. The final conclusions obtained here extend beyond the pro-

posed devices, offering applicability to desired alternative configurations, consisting of

various combinations of 2D materials, that are not limited to a specific frequency range.

Our research, providing a framework for designing and optimizing realistic optical de-

vices, facilitates the relation between fundamental physics and practical device engineer-

ing.
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Appendix A

SERS of Graphene on Plasmonic Silicon

Substrates

A.1 The role of SiO2 layer

To estimate the effect of the native oxide layer on the electromagnetic response, we plot in

Figure A.1 the FDTD simulated [1–6] absorption enhancement of a 50 nm Au nanoparticle

on top of a flat Si substrate with and without a 2 nm native oxide layer in between. A small

increase (about 6%) in enhancement is indeed found, when the oxide layer is taken into

account, but it is small enough to be insignificant in relation to the main conclusions of our

work. It is noteworthy that this effect cancels out with the SLG quenching shown below.

Figure A.1: Absorption enhancement of an Au nanoparticle on top of a flat Si substrate,

with and without a 2 nm native silicon oxide in between them.

If we replace silicon with silicon oxide in the nanostructured substrate, we will have

weaker scattering and weaker vertical interference, which should in general cause a lower

SERS enhancement. On the other hand, interference effects could also result into in-

creased phenomena. For completeness, and to demonstrate the richness of responses ex-

pected by interference, in Figure A.2 we plot the absorption enhancement in theAuNP/SiO2

/Si system (Si flat substrate) as a function of SiO2 thickness.
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Figure A.2: Absorption enhancement for the AuNP/SiO2/Si system as a function of oxide

thickness.

We find very strong resonances alternating with quenching, characteristic of the Fabry-

Perot nature of the system. In any case, however, given that this is experimentally out of

reach (for the nanostructured substrate case), such a study is beyond the scope of this

thesis.

A.2 Quenching effect of graphene on the optical proper-

ties of Au nanoparticles

Graphene absorbs 2.3% of light when suspended in air, which is a small amount overall,

but massive considering it is only one atom thick, as described in section 2.1. As a result,

we expect little quenching of the localized surface plasmon resonance (LSPR) response in

Au nanoparticles, when only a single graphene layer is involved, while strong quenching

should be expected in the case of many graphene layers surrounding the nanoparticles.

To show the level of quenching expected by SLG in our study, in Figure A.3 we plot the

integrated field intensity enhancement, equivalent to the absorption enhancement, defined

as (S|E0|2)−1
∫
|E|2dS on a plane bisecting the nanoparticle, where |E0|2 is the incident

intensity and S the area) in the cases (a) with and (b) without a SLG being on the bisecting

plane.
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Figure A.3: Field intensity enhancement by Au nanoparticles, suspended in air, integrated

over a bisecting plane through the nanoparticle center. For the red dashed line, a SLG is

actually present on the integrating plane quenching by about 4% the LSPR. Nanoparticles

have diameter 50 nm at a square lattice arrangement on a plane with 80 nm periodicity.

For simplicity, the Au nanoparticles are suspended in air. We observe indeed a small

quenching of the order 4%, justifying our assumption of negligible influence of graphene

on the LSPR properties of the Au nanoparticles.

A.3 SERS of graphene on flat silicon with Au nanoparti-

cles

Figure A.4 shows a schematic of Au nanoparticles on silicon nanopillars (left) and on a flat

silicon substrate (right). A larger cross section between graphene and Au nanoparticles is

assumed in the flat silicon case, and it is of interest to calculate if this can result in larger

SERS enhancements.

Figure A.4: A schematic of the experimental system (left) and Au nanoparticles on a flat

silicon substrate (right).

In Figure A.5 we plot the SERS enhancement of graphene on Au nanoparticles on a

flat silicon substrate. The reference device, as always, is graphene on bare Si. We find
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up to two orders of magnitude increase, which is still, however, an order of magnitude

smaller than what we get with Au nanoparticles on the silicon nanopillars.

Figure A.5: SERS and absorption enhancement of graphene on Au nanoparticles on a flat

Si substrate.

The reason is that when the Au nanoparticles are deposited on a flat silicon substrate,

there is some destructive interferences between incident waves and waves reflected off

the flat silicon interface. In essence, the effective field intensity at the interface is ∼
|1 + r|2 ' 0.2, where r = (1 − n)/(1 + n), with n=3.45 the Si index of refraction.

Thus, the effective light field exciting the LSPR is smaller when the nanoparticles are on

the flat silicon interface. This is generally true for any highly reflective surface. Given

that SERS scales approximately with the fourth power of the field, this explains the one

order of magnitude decrease compared to Au nanoparticles on nanostructured Si, where

this destructive interference has been destroyed by disrupting the flat interface. This effect

is also clearly seen in Figure A.2, where the enhancement increases significantly as we

move graphene away from Si. So even though there is a larger cross section between

nanoparticles and graphene in the flat silicon case, the LSPR itself is strongly quenched

and thus a smaller signal is received compared to Au nanoparticles on the nanostructured

Si case.
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Appendix B

Graphene-based Optical Modulation

and Pulse-shaping

B.1 Critical Coupling

Graphene’s absorption of approximately 2.3% in the visible to near-infrared (NIR) range

is remarkable, considering the atomic-thickness of its structure. However, in practical

applications, this absorption rate needs improvement, especially considering that placing

graphene on a substrate or embedding it in a dielectric further reduces its absorption. For

instance, when graphene is placed between a dielectric with index n1 and a substrate with

index n2 in the thin film limit [1], its absorption from visible to NIR range becomes

ASLG ∼ 0.023
4n1

(n1 + n2)2
(B.1)

In the visible to NIR spectral range, extensive research has been conducted to enhance

single-layer graphene (SLG) absorption. This research has led to the development of

graphene-based perfect absorbers [2–4]. To attain this goal, studies have explored var-

ious techniques, such as utilizing localized surface plasmon resonances on metals [1, 5]

(see subsection 3.1.3), Fabry-Perot cavity resonances [6–8] (see subsection 3.2.2), and

guided mode resonances [9–13] (see subsection 3.2.3).

In this thesis, specifically in chapter 6, critical coupling mechanism is employed to en-

hance graphene’s absorption [2, 9, 14]. This mechanism relies on a resonant effect, where

perfect absorption within a cavity is achievable under specific conditions. Considering a

lossy resonant cavity with stored energy |a|2 in a single resonance at ω0, interacting with

input and output (reflected) waves of amplitudes u and yr respectively, as illustrated in

the top insets of Figure B.1. The configuration of middle top inset can be analyzed using

coupled mode theory [14] as follows:

da

dt
= (−iω0 − γd − γa)a+ u

√
2γd, yr = a

√
2γd − u (B.2)

where γd represents the mode leakage rate, and γa denotes the resonator absorption rate. It

is important to note that this configuration constitutes a single-port system, meaning that

light is incoming from only one side, while the transmission through the cavity is inhibited

by a metallic back-mirror. This back-mirror is essential for achieving perfect absorption

because in a double-port system see Figure B.1 (a)), the maximum attainable absorption,

assuming illumination from only one side of the cavity, is limited to 50% [9, 14].
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The single-port system can be implemented in two different configurations, one featur-

ing only the totally reflecting back-mirror (see Figure B.1 (b)), and the other incorporating

a partially transmitting mirror positioned in front of the resonant cavity (see Figure B.1

(c)). The former setup can be created by placing a dielectric spacer between the resonator

and a metallic back-mirror, while the latter can be constructed using dielectric Bragg cav-

ities situated between the resonator and the metallic back-mirror. It is noteworthy that the

third configuration is particularly well-suited for materials with weak absorption charac-

teristics, such as SLG in the VIS–NIR regime. In configurations (b-c), the reflection is

described by [9, 14]

R = |yr
u
|2 = (ω0 − ω)2 + (γa − γd)

2

(ω0 − ω)2 + (γa + γd)2
(B.3)

and the absorption [9, 14]

A ≡ 1−R =
4γaγd

(ω0 − ω)2 + (γa + γd)2
(B.4)

From Equation B.4, it is evident that at resonance (ω = ω0), when cavity decay rate γd
equals the absorption rate γa, perfect absorption (e.g., A = 100%) occurs.

Figure B.1: Schematics of a double-port device (a), a resonant optical cavity with a totally

reflecting back mirror (b) and a resonant cavity with a back mirror along with a partial

transmitting mirror in front of the cavity (c). (b-c) single-port cases used to utilize critical

coupling mechanisms.

The above mechanism is particularly useful for graphene-based devices, due to SLG’s
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absorption tunability, for example using electrostatic gating, providing the opportunity

to follow critical coupling conditions. In this thesis critical coupling was exploited to

enhance light absorption in graphene-based optical modulation devices, studied in Chapter

6.

B.2 Electronic thermal cooling current

To calculate e-ph cooling current Je−ph, we assume electron-phonon scattering [15], with

optical [16–19] and acoustic phonons, via disorder-assisted super-collisions [20–24]. It is

noteworthy that there is an ongoing debate about whether Je−ph is primarily influenced by

optical phonon scattering Jop or disorder-assisted super-collisions Jsc [21, 23–25]. Here,

for simplicity, we assume that Jop and Jsc have approximately the same contribution in

Je−ph.

Je−ph ≡ Jop + Jsc (B.5)

We ignore the normal (momentum-conserving) acoustic phonon scattering because of

SLG’s small Fermi surface [22, 26]. Instead, we focus on the thermal current resulting

from optical phonon scattering [25, 27, 28].

Jop =
∑
i

{
9}2Ω3

i,SLG(γ
′
0)

2

π(}vF,SLG)4ρSLG
×[N(

Ωi,SLG

kBTe,SLG

)−N(
Ωi,SLG

kBTl,SLG

)]F (µSLG, Te,SLG)} (B.6)

Where

F (µSLG, Te,SLG) =

∫ ∞

−∞
|x(1− x)|{f [Ωi(x− 1)]− f(Ωix)}dx (B.7)

We consider two optical phonon branches [19, 29, 30], with ΩK=161 meV, corresponding

to Raman D peak at K point of the Brillouin zone, and ΩΓ=196 meV, corresponding to

Raman G peak at Γ point of the Brillouin zone. We define ρSLG = 7.6 × 10−7Kg/m2

as the SLG mass density [26, 31–34], γ
′
0 is the derivative of the nearest-neighbor cou-

pling amplitude, N(x) = (ex − 1)−1 the Bose distribution [28], and f the Fermi-Dirac

distribution.

Another pathway for cooling SLG carriers is through disorder-mediated (momen-

tum non-conserving) emission of acoustic phonons, known as super-collisions. Super-

collisions involve three-body collisions between carriers, phonons, and impurities [20–

24]. This cooling mechanism is represented by assuming disordered short-range scatter-

ers with a fixed mean-free path l of 100 nm throughout this study. The resulting thermal

current, attributed to disorder-assisted super-collisions, is given by

Jsc = γsc(T
3
e,SLG − T 3

l,SLG) (B.8)

where

γsc =
9.62D2

SLGk
3
B

2ρSLGs2SLG}kF,SLGl
4(ne,SLG + nh,SLG + 2δne,SLG)

π(}vF,SLG)4
(B.9)
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Where ne (nh) electron (hole) concentration and δne the non-equilibrium photo-excited

carrier density. The kF,SLGl disorder parameter is the product of graphene Fermi wavevec-

tor kF,SLG and mean free path for short-range scatterers l, which is proportional to the

concentration of impurities.
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Appendix C

TMD-based LEDs with Graphene

C.1 Bow-Tie antenna on WG: Geometrical optimization

Here, we geometrically optimize a gold Bow-Tie antenna positioned on top of 1L-WSe2
/hBN/SLG LED waveguide design, depicted in Figure C.1(a). As in free-space emission

(see section 7.6.1), antenna dimensions, including width (W), length (L) and gap length

(gap) are scaled for a buried single-mode SiN WG, with a one-sided totally reflecting back

grating. Figure C.1(b-d) shows the Purcell efficiency enhancement for variable W, L and

gap lengths as a function of wavelength.

Figure C.1: Antenna-enhanced integrated LED: Purcell efficiency as a function of wave-

length for variable Bow-Tie antenna (b) widths (W), (c) lengths L and (d) gaps.
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Choosing the appropriate antenna dimensions for high ηPurcell and limiting material

absorption (at 750 nm), we can plasmonically enhance the final WG efficiency ηWG.

C.2 Reference LED device’s EL efficiency

Different values of η0 ≡ η(ref) are employed to calculate the final ηWG enhancement in

the optimal Au Bow-Tie antenna case, described in the main text.

Figure C.2: Antenna-enhanced integrated LED: WG efficiency enhancement ηWG/η0 as

a function of wavelength for η0 ≤ 1%.

Assuming low reference efficiencies η0 ≤ 1%, we observe significant enhancements

in final ηWG, compared to η0, that can reach up to order of magnitude, as shown in Figure

C.2. The above results show the versatility of our post-analysis method for variable η0
and could prove valuable when experimental measurements exhibit low EL efficiency for

the under study TMD emitters.

C.3 Bow-Tie antenna: Material Parameters

In our FDTD method [1] (see section 4.2 of the main text), Maxwell’s equations including

polarizability terms are time-integrated on a computational grid, as outlined in [2]. At a

point in a dispersive material, each relevant polarizability term contributes to an absorp-

tion Aj = 1/2<(J∗
jE), where the polarization current is Jj = ϑPj/ϑt. Upon Fourier

transforming the time series of E and Jj , we obtain the spectral absorption at every point

in every dispersive material. The polarization equations imply a Drude-Lorentz model

[3] for the dielectric function (see Equation 3.32), where the first term is the Drude free-

electron contribution and the second contains Lorentz oscillators corresponding to inter-

band transitions. To accurately reproduce the dielectric functions of Au, Ag, Al we fit the
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experimental data derived by [4] and represented as colored squares in Figure C.3. For Au

antenna, ε1=-20.148, ε2= 1.2470, ε2/ε1 = 0.0619 and α = 7.5245e+5 cm−1, for Ag, ε1=-

26.986, ε2= 0.32380, ε2/ε1 = 0.0119 and α = 8.7042e+5 cm−1, and for Al, ε1=-65.255, ε2=
39.848, ε2/ε1 = 0.6107 and α = 1.4104e+5 cm−1.

Figure C.3: Experimental (squares) and Drude-Lorentz fits (lines) for the refraction in-

dices of (a) Au, (b) Ag and (c) Al antenna used in our LED configurations.

Despite the higher absorption coefficient α in case of Ag, the ratio between the imag-

inary and real parts of the dielectric function (ε2/ε1) at 750 nm is lower, resulting in a

correspondingly lower antenna loss (aL).
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