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Abstract 
 

In the modern era, with the high demand for energy-efficient, high-speed, and secure data transmission and 

information processing, photonic technology has emerged as one of the key players. To further advance in 

the realm of photonic quantum technologies, single-photon sources are one of the indispensable building 

blocks. Naturally, single-walled carbon nanotubes (SWCNTs) with sp3 quantum defects, which have attracted 

great attention in sensing and imaging applications, are of particular interest due to their potential realization 

as quantum light emitters owing to the superior emission efficiency and the single-photon emission nature in 

the near-infrared regime. This thesis delves into the exploration of electroluminescence characteristics and 

the development of an on-chip electrical-driven quantum-light source in the telecom band. The central focus 

involves the integration of SWCNTs with sp3 quantum defects in a field-effect transistor configuration. 

At first, the electrical-driven defect-induced light emission of SWCNTs functionalized with dichlorobenzene 

molecules is presented. The introduction of sp3 quantum defects forms deep potential traps that facilitate the 

localization of excitons and govern the optical properties. Gate-dependent defect-state emission lines are 

assigned as localized excitons/trions based on the correlation of electrical transport and electroluminescence 

measurements. The unconventional equidistant satellite peaks between intrinsic and defect-state emission 

lines at cryogenic temperatures can be associated with phonon-mediated hot-exciton electroluminescence. 

The comparison between the electrostatic gating electroluminescence and the chemical doping 

photoluminescence of SWCNTs reveals the potential complexity of optical transition identification. 

Before photon correlation measurements of defect-state electroluminescence, the superconducting single-

photon detectors, a crucial component in the Hanbury Brown and Twiss (HBT) experimental setup, are 

characterized, and the time resolution limitation and internal time delay of the system are determined. 

Subsequently, the first demonstration of single-photon emission by coupling either excitonic or trionic defect-

state electroluminescence from functionalized (7, 5) SWCNTs into the HBT setup at 77 K is achieved. The 

interplay between the electrical power and the emission wavelength with the photon antibunching behavior 

is explored, and limitations of the current system from advancing into more controllable and accessible single-

photon emitters, even for room temperature operation, are emphasized.  

Finally, the proposed resolutions of low-loss heterogeneous integration of electrical control on-chip 

nanoemitters for the development of hybrid integrated photonic circuits are discussed. Full dynamic control 

of electroluminescent (9, 8) SWCNTs as a result of the site-selective coupling into a cross-bar Si3N4 photonic 

crystal cavity device nanocrystalline graphene (NCG) electrodes, which avoids compromising on the optical 

loss, is presented. Additionally, the NCG strip device within the cavity region functions as an incandescent 

emitter and is exhibited as a candidate for effective Local Density of States probing. The study provides a 

versatile and scalable approach for photonic applications in the telecom band. 
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1 Introduction 

1.1 Scope of thesis 

In the era of modern society with the increasing dominance of data-driven applications, the demand for high-

speed, energy-efficient, and secure information processing has propelled the innovation of advanced 

technologies. Photonic information processing has emerged as a key player in meeting these demands, and 

indeed the widespread use of fiber optic networks, replacing the electrical communication media, for mid- 

and long-distance communication stands for an example[1]. Bridging the gap for short-distance on-chip data 

transfer has been a driving force behind the progress of photonic integrated circuits, exemplified by the 

utilization of optical waveguides over electrical connections[2]. However, the realization of chip-scale 

information processing requires the integration of both passive and active optical components, and the 

conventional approach of coupling light into photonic circuits relies on an external light source with fiber-

coupling techniques, inevitably enlarging the system footprint and sophistication. Meanwhile, photonic 

quantum technology[3] has shown promise in addressing emerging challenges in quantum information 

processing, such as quantum computing[4] and quantum cryptography[5], since the breakthrough in 2001 by 

Knill et al. demonstrating efficient quantum computation with linear optical elements, single-photon sources, 

and detectors[6]. Yet again, in light of the necessity for miniaturization and simplification, advancing a chip-

based scalable and robust on-demand quantum-light source remains a significant hurdle. 

This thesis confronts the requirement for on-chip, electrically-driven quantum-light sources and resolves 

some current limitations in the development of integrated photonic circuits. The material of interest is 

focused on semiconducting single-walled carbon nanotubes (SWCNTs), as they exhibit desirable electrical and 

optical properties for (quantum) photonic applications[7,8]. SWCNTs, in the form of roll-up graphene sheets in 

needle-like shape, offer a unique set of advantages, for instance, the prominent role of excitons in 

photophysics, the versatile structural-dependent light emission in the near-infrared wavelength range 

(between 850 nm and 2 μm depending on the chirality), and the compatibility in numerous processing 

methods. Along with the advancements in the synthesis and sorting techniques to achieve high-quality and 

chirality-enriched material[9], SWCNTs have opened up promising potential for their application in photonics 

and, indeed, exhibiting single-photon emission (photon antibunching) through both optical and electrical 

stimulation at cryogenic temperatures[10,11]. Despite these progresses, addressing the challenge of low 

emission quantum yield associated with the low-lying dark exciton states and undesired quenching sites 

remains a priority. Integrating SWCNT with optical microcavities presents a viable path and is often 

accompanied by additional improvements in emission directionality and enhancement, although, it often 

adds complexity to sample preparation[12–14]. A significant breakthrough occurred with the incorporation of a 
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low degree of sp3 quantum defects on the sidewall of SWCNTs forming potential traps, achieved mainly 

through mild oxidation or organic chemistry reaction (for example, the aryl sp3 defect formation via 

diazonium-based functionalization used in this thesis)[15,16]. These approaches not only substantially improved 

the emission quantum yield (from <1 % up to 28 %) but also allowed for the tailoring of emission wavelength 

by the localization of excitons at potential traps of 100 – 300 meV. The intrinsic large binding energy of 

excitons that rules the emission characteristics of SWCNTs (a few hundred of meV) with moderate potential 

depths at sp3 defect sites indeed extended single-photon emission to room temperature, as has been 

experimentally validated under optical excitation[17,18]. However, the development of an on-chip electrical-

driven single-photon emitter based on SWCNTs by fully harnessing the advantages of covalently 

functionalized SWCNTs, regardless of the operation temperature, remains uncharted territory. 

In this thesis, the electroluminescence characteristics of SWCNTs with sp3 quantum defects and their potential 

development of an on-chip electrical-triggered single-photon emitter in the telecom band are explored. The 

primary approach involves the integration of functionalized SWCNTs into field-effect transistor configurations 

with CVD graphene as electrical contacts. To begin, the study of switchable defect-induced 

electroluminescence spectroscopy of functionalized SWCNTs at the single-tube level (Chapter 4)[19] is 

presented. The sp3 defects on SWCNTs are formed with dichlorobenzene molecule treatments, and the 

functionalized SWCNTs are bridged between the graphene electrodes via electric-field-assisted 

dielectrophoresis (DEP) deposition. A comprehensive correlation between the defect-induced 

electroluminescence and the electrical transport measurements to assign the controllable excitonic and 

trionic defect-state emission is performed, and emission spectra with high spectral purity are achieved. 

Additionally, a hypothesis to explain the observed unconventional satellite electroluminescent emission lines 

from functionalized SWCNTs is proposed, and, lastly, the tunable electroluminescence via electrostatic gating 

and the photoluminescence via redox-chemical doping are compared. Subsequently, photon antibunching 

measurements of functionalized SWCNTs through a constant current bias at 77 K (Chapter 5)[20] are 

conducted. The role of a pre-patterned bowtie-structure graphene strip as a thermal emitter for experimental 

setup alignment is firstly proposed, and electrical-driven single-photon emission by coupling excitonic or 

trionic defect-induced electroluminescence in the telecom band into the Hanbury Brown and Twiss (HBT) 

setup is demonstrated. The photon antibunching measurements are correlated with the electrical excitation 

power and the defect-state emission wavelength, and additionally, the simultaneously recorded time traces 

of photon count rates and the electrical power dissipation are analyzed to understand the current limitation 

of the photon correlation measurement setup. Besides, a detour is taken to characterize the fiber-coupled 

superconducting single-photon detectors as one of the key elements of the HBT system. Finally, a versatile 

approach for the full electrical control of electroluminescent SWCNTs in hybrid photonic circuits with the 

utilization of nanocrystalline graphene (NCG) electrodes (Chapter 6)[21] is introduced. A hybrid platform 
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addressing the challenges of site-selective placement and conventional metal electrodes hindering low-loss 

integration in integrated photonic circuit development is proposed, featuring the heterogeneous integration 

of pristine SWCNTs into Si3N4 cross-bar photonic crystal (PhC) cavity devices by DEP deposition between the 

NCG electrodes in the cavity region. The structure enables full dynamic control (switching on and off) of 

enhanced electroluminescent emission in the telecom band via electrostatic gating and offers the opportunity 

to directly probe the PhC cavity properties through the additional patterned NCG strip as an incandescent 

nanoemitter. Overall, this thesis explores the unique characteristics of functionalized SWCNTs in the 

development of on-chip electrical-driven single-photon emitters and provides a comprehensive insight into 

the potential and challenges associated with SWCNT-based on-chip quantum-light sources in the scope of 

integrated photonic circuits. 

 

1.2 Outline of thesis 

The structure of the thesis to explore the electroluminescence characteristics and the development of an 

electrical-driven quantum-light source on a chip based on carbon nanotube with sp3 quantum defects at the 

single-tube level will be described in this section. 

Chapter 2 establishes the theoretical background for studying on-demand quantum-light sources on a chip. 

Beginning with an overview of the carbon nanotube structural properties and the synthesis techniques, the 

chapter delves into the optical properties of pristine and functionalized carbon nanotubes and ends with 

reviewing carbon nanotubes as a non-classical light source. 

Chapter 3 focuses on the experimental methods employed throughout the thesis. The chapter is divided into 

three parts, namely the device fabrication, the device characterization, and photon correlation measurement 

based on HBT configuration for exploring the electroluminescent single-photon emission of carbon nanotubes 

with sp3 quantum defects.  

Chapter 4 presents electroluminescence spectroscopy results of carbon nanotube with sp3 quantum defects 

at the single-tube level. The chapter demonstrates the tunable defect-induced emission from carbon 

nanotube devices via electrostatic gating and correlates the emission characteristics with the electrical 

transport measurements. Additionally, the chapter reveals the unconventional phonon-assisted hot-exciton 

electroluminescence at cryogenic temperature and also compares electroluminescence with 

photoluminescence spectroscopy via chemical doping.  

Chapter 5 demonstrates carbon nanotubes with quantum defects as electrical-driven quantum-light sources 

at low temperatures. The chapter starts with the characterization of superconducting single-photon 

detectors, a crucial element for our photon correlation measurement, and follows with the discussion of 
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electroluminescent single-photon emission from carbon nanotubes via electrical excitation at 77 K and the 

foreseeable challenges of further development for room-temperature electrically-triggered single-photon 

emitter. 

Chapter 6 proposes a versatile protocol for integrating controllable electrical-driven nanoscale light sources 

into photonic circuits. The hybrid 2D-3D photonic crystal cavity structure addresses the dynamic control and 

low-loss integration challenges of carbon nanotubes as electroluminescent nanoemitters by using 

nanocrystalline graphene electrodes within the photonic crystal cavity. 

Chapter 7 highlights the main results from each chapter of the thesis and includes a discussion of challenges 

and prospects for advancing electrical-driven quantum-light sources based on carbon nanotubes with sp3 

quantum defects. 
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2 Theoretical Background and Literature 

 

The theoretical backgrounds in this chapter are aimed at studying the electroluminescence of semiconducting 

single-walled carbon nanotubes (SWCNTs) as potential on-demand quantum light sources on a chip. To begin, 

we elaborate more on the material property side, including introducing carbon-based nanomaterials, such as 

graphene, and describe the basic structure and electronic properties. Based on that, we continue with 

SWCNTs including various synthesis techniques and functionalization methods. In the second part, we focus 

on the optical properties of SWCNTs but will start with the fundamental basis and describe the electronic 

band structure based on graphene. We discuss the optical property characterization methods and the 

fundamental theory behind, for instance, absorption, photoluminescence, and Raman spectroscopy. Before 

moving on to the electroluminescence of carbon nanotubes and the relevant literature review, we touch a bit 

on the electrical properties of SWCNT-based devices. Then we address the well-accepted 

electroluminescence mechanisms of pristine SWCNT and further explore the state-of-art studies of 

electroluminescence of SWCNTs with sp3 quantum defects. In the third part, to delve into the realm of 

quantum photonics and the development of an on-demand electrical-driven single-photon source on a chip, 

we describe some theories behind the nature of different light sources and the common characterization 

approach, namely photon correlation measurements. After reviewing some pioneering works of pristine and 

functionalized SWCNTs as quantum emitters, we lastly discuss the integration of functionalized SWCNTs into 

nanophotonic environments to account for the last experimental chapter of this thesis. 

2.1 Carbon-based nanomaterials 

A simple carbon element that has six electrons in the ground-state orbital occupancy 1s22s22p2, could form 

various allotropes depending on the chemical bond formation resulting in different nanomaterials in various 

dimensions from 3D to 0D. For instance, diamonds are a commonly seen three-dimensional (3D) carbon 

allotrope forming a crystal structure of four covalent bonds with nearest neighbors via sp3 hybridization. 

Diamond has exceptional hardness and good thermal conductivity and is usually considered an insulator with 

a bandgap of 5.5 eV, falling in the deep ultraviolet wavelength range. On the other hand, the most famous 

fullerene, Buckminsterfullerene C60 informally named ‘buckyball’, is a zero-dimensional (0D) molecule with 

sp2-hybridized carbon atoms in a cage-like structure. It was first discovered in 1985 by Kroto et al.[22] and later 

awarded the 1996 Nobel Prize in Chemistry. Perhaps the most renowned carbon allotrope at the moment is 

the isolated two-dimensional (2D) carbon layer, graphene, which was first successfully exfoliated from 

graphite by Novoselov and Geim et al.[23] via the scotch tape technique in 2004 and awarded the Nobel Prize 

in Physics in 2010. Graphene consists of a single layer of carbon atoms arranged in a hexagonal honeycomb 



 

 

6 

lattice with sp2 hybridization and is well-known for its extraordinary electrical conductivity, mechanical 

strength, flexibility, and transparency. To understand the superior properties, one needs to look into the 

atomic and electronic structure. Each unit cell of graphene contains two atoms and each carbon atom bonds 

with three other neighboring atoms in a triangle structure (bond angle of 120°) under sp2 hybridization. The 

hybridization of one s-orbital and two p-orbitals (px, py) from a carbon atom forms three equivalent rigid sigma 

(σ) bonds between carbon atoms, resulting in outstanding mechanical strength. The additional unhybridized 

p-orbital (pz) on each carbon atom, perpendicular to the plane of the graphene sheet, overlap sideways with 

neighboring carbon atoms and form pi (π) bonds. The delocalized π electrons are not tightly bound to specific 

carbon atoms, leading to excellent electrical conductivity. The lattice vectors a1 and a2 of the graphene unit 

cell in x-y coordinates can be written as 

𝒂1 =
𝑎𝑐−𝑐

2
(√3, 1),    𝒂2 =

𝑎𝑐−𝑐

2
(√3, −1) 

, where 𝑎𝑐−𝑐  ≈ 1.42 Å is the nearest bond distance between carbon atoms (A and B) as shown in Figure 2.1a. 

The basis vectors in the reciprocal space 𝒃1 and 𝒃2, in Figure 2.1b, in the x-y coordinate can be expressed as 

𝒃1 = (
1

√3
, 1)

2𝜋

𝑎𝑐−𝑐
,    𝒃2 = (

1

√3
, −1)

2𝜋

𝑎𝑐−𝑐
 

 

Figure 2.1: The honeycomb atomic structure and the Brillouin zone of graphene (a) The hexagonal lattice in real space 
with the lattice vectors a1 and a2 of the unit cell comprising two carbon atoms (A and B), and (b) in reciprocal space with 
lattice vectors b1 and b2. [Adapted and reproduced with permission from reference[24], American Physical Society.] 

Considering only the two bonding π- and anti-bonding π*- orbitals by neglecting the bonding and anti-bonding 

σ-bands due to the large energy gap (>10 eV at the center of the Brillouin zone  point)[25], the π valence band 

and the π* conduction band meet at the 𝑲 (𝑲′) points of the Brillouin zone corners. As a consequence, 
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graphene is a unique semimetal or zero-bandgap semiconductor. The electronic band structure can be 

described using the energy dispersion relation derived from the first-order tight-binding approximation: 

𝐸(𝑘𝑥 , 𝑘𝑦) = ±𝛾0
√1 + 4 cos(

√3𝑘𝑥𝑎

2
) cos(

𝑘𝑦𝑎

2
) + 4 cos2(

𝑘𝑦𝑎

2
) ;   𝑎 = √3𝑎𝑐−𝑐 

, where 𝛾0 is the carbon-carbon interaction energy (tight-binding integral) between the nearest neighbors, 

with typical values between 2.9 – 3.1 eV[26]. The positive and negative signs refer to the unoccupied π* 

conduction band (+) and the fully occupied π valence band (-). Therefore, the electronic band structure of 

graphene can be visualized in Figure 2.2 where the conduction and valence bands touch at the six 𝑲 points, 

also named Dirac points, and the Fermi level EF is the zero energy reference. Close to the 𝑲 points, the 

electronic band dispersion shows a linear relation in contrast to conventional semiconductors which can be 

expressed as  

𝐸() = ±ħ𝐹|| 

, where  = 𝒌 − 𝑲 and 𝐹 ≈ 106 m/s is the electronic group velocity (Fermi velocity) implying that electrons 

can be considered as massless particles in graphene. Additionally, the density of state (DOS) for such a linear 

band dispersion in a two-dimensional system per unit of energy is linear. 

 

Figure 2.2: Electronic band structure of graphene The conduction (π*) band and the valence (π) band meet at the six K 
points (Dirac points) of the Brillouin zone at the Fermi level. The zoom-in energy dispersion relation near one Dirac point. 
[Adapted and reproduced with permission from reference[24], American Physical Society.] 

2.1.1 Single-walled carbon nanotubes 

As we briefly covered the carbon allotropes in different dimensions, this section continues with the remaining 

1D allotrope, the carbon nanotube (CNT). CNTs can be visualized as roll-up graphitic carbon sheets into 
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needle-like tubes and were first discovered and published in 1991 by a Japanese scientist, Sumio Iijima[27]. 

Back then, they were observed in the form of double-walled carbon nanotubes (DWCNT) or multi-walled 

carbon nanotubes (MWCNT), and only two years later, SWCNTs were reported by Iijima et al.[28] as well as 

Bethune et al.[29] from IBM. To the interest of our work, we focus on SWCNTs which can be understood as a 

roll-up single-layer graphene sheet constructed into a cylinder shape.  

 

Figure 2.3: Transmission electron microscopy images and schematic models of carbon nanotubes (a) The first reported 
TEM images of multi- and double-walled carbon nanotubes in 1991 with the cross-section illustrations of each tube 
below. (b) Molecular structure illustrations of single-, double-, multi-walled carbon nanotubes. [Adapted and reproduced 
with permission from (a) reference[27], Springer Nature; (b) reference[30], American Chemical Society.] 

By seamlessly rolling up the graphene sheet in different ways, for instance, depending on the rolling direction 

or angle, nanotubes with various diameters and unique electronic and optical properties are formed. Distinct 

from a planar graphene sheet, the structural and electronic properties of different CNTs are confined by the 

rolling circumference[31], as shown in Figure 2.4a, which can be expressed as the chiral (roll-up) vector 𝑪ℎ 

𝑪ℎ = 𝑛𝒂1 + 𝑚𝒂2 

, where 𝒂1 and 𝒂2 represent the lattice vectors of a graphene unit cell with an angle of 60° and lengths of 

|𝒂1| = |𝒂2| = √3𝑎𝑐−𝑐 ≈ 2.46 Å in which 𝑎𝑐−𝑐 ≈ 1.42 Å is the carbon bond distance. The (n, m) refer to the chiral 

indices of each unique CNTs and both n and m are integers (n  m). According to the chiral indices (n, m), one 

can calculate the nanotube diameter 𝑑 

𝑑 =
|𝑪ℎ|

𝜋
=

√3𝑎𝑐−𝑐

𝜋
√𝑛2 + 𝑛𝑚 + 𝑚2 
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The angle between the chiral vector (roll-up direction) 𝑪ℎ and the lattice vector 𝒂1 is defined as the chiral 

angle 𝜃 and is described as[32] 

cos 𝜃 =
𝒂1 ∙ 𝑪ℎ

|𝒂1||𝑪ℎ|
=

2𝑛 + 𝑚

2√𝑛2 + 𝑛𝑚 + 𝑚2
 

The value of the chiral angle 𝜃 lies between 0 and 30° due to the six-fold rotational symmetry in the hexagonal 

lattice. Depending on the chiral indices (n, m), SWCNTs can be classified into two groups, namely metallic 

SWCNTs (m-SWCNTs) and semiconducting SWCNTs (sc-SWCNTs). When the following conditions[33]  

𝑛 − 𝑚 = 3𝑖 

are fullfilled, where 𝑖  is an integer, the SWCNTs show metallic behavior. As a consequence, one-third of 

SWCNTs belong to metallic SWCNTs, and the other two-thirds show semiconducting behavior. Additionally, 

SWCNTs are often categorized into zig-zag (n = m), armchair (n, 0), and chiral SWCNTs as shown in Figure 

2.4b. The chiral angle  𝜃 for zig-zag SWCNTs is 0°, 30° for armchair SWCNTs, and values in between for the 

case of chiral SWCNTs[34]. A map of SWCNTs with different (n, m) chiral indices indicating various types is 

shown in Figure 2.5. 

 

Figure 2.4: Graphene sheet roll-up and various types of SWCNTs (a) The chiral vector and angle of rolling up a graphene 
sheet. (b) Molecular models of zig-zag, armchair, and chiral SWCNTs. [Adapted and reproduced with permission from (a) 
reference[35], American Chemical Society; (b) reference[36], Elsevier.] 

To determine the unit cell size of each SWCNT, the translational vector 𝑻, which is perpendicular to the roll-

up vector and parallel to the tube axis, needs to be considered. The translational vector 𝑻  defines the 

minimum structure periodicity along the long (tube) axis and is expressed as[31] 

𝑻 = 𝑡1𝒂1 + 𝑡2𝒂2,     𝑡1 = (2𝑚 + 𝑛) 𝑑𝑅⁄ ,     𝑡2 = − (2𝑛 + 𝑚) 𝑑𝑅⁄  
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, where 𝑡1 and 𝑡2 are integers and 𝑑𝑅 is the greatest common divisor of (2n+m, 2m+n). Therefore, the length 

(magnitude) of the translational vector |𝑻| and the number of hexagons (two carbon atoms per hexagon) 𝑁 

can be described as 

|𝑻| =
√3|𝑪ℎ|

𝑑𝑅
,      𝑁 =

|𝑪ℎ × 𝑻|

|𝒂1 × 𝒂2|
=

2(𝑛2 + 𝑛𝑚 + 𝑚2)

𝑑𝑅
 

Generally speaking, the translational vector for a chiral SWCNT is rather large and results in a large unit cell 

size. For instance, a zig-zag (6, 6) metallic SWCNT has only 24 carbon atoms per unit cell whereas a chiral (7, 5) 

semiconducting SWCNT has 436 carbon atoms per unit cell despite the similar nanotube diameters of ~8.2 Å. 

 

Figure 2.5: A map of metallic and semiconducting SWCNTs categorized based on chiral indices [Adapted and 
reproduced with permission from reference[37], Royal Society of Chemistry.] 

2.1.2 Synthesis and functionalization of carbon nanotubes 

Since the discovery of CNTs in 1991, in principle, three categories of well-established synthesis techniques 

have been developed, namely arc discharge[28,29], laser ablation[38,39], and chemical vapor deposition (CVD)[40–

42]. Among these different techniques, there are some common basic elements which are the carbon sources, 

catalysts, and the required driving force. The variation of each element determines the synthesis outcome, 

for example, the purity, diameters, and tube types, as well as the growth/production rate of the CNTs. 

Arc discharge 

The arc discharge method is the first synthesis technique for CNTs, which basically is a modified version of the 

large quantity synthesis of buckyballs C60 developed by the group of Huffman[43]. In that case, a plasma is 

formed by applying bias through two graphite rods as the starting material, in an inert gas (helium) 
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atmosphere, to vaporize part of the graphite soot on the anode and harvest on the cathode. The first 

observation of CNTs was conducted similarly with arc discharge evaporation in an argon-filled vessel[27]. It 

turned out to produce mainly multi-walled CNTs using pure graphite rods, and only with the graphite rods of 

the anode containing metal nanocatalysts such as iron (Fe)[28], cobalt (Co)[29], nickel (Ni), or relevant bimetal 

catalysts[44], facilitated SWCNTs synthesis. Different metal catalysts also result in different tube diameter sizes 

or distributions, and the production up-scale was only improved after the study of using a bimetal nickel-

yttrium (Ni-Y) catalyst[45]. 

Laser ablation 

The laser ablation method is the technique used in 1985 for the discovery of fullerenes C60. A pulsed laser 

beam was focused on a rotating graphite disk to vaporize the starting material which was carried out by 

helium flow and characterized by time-of-flight mass spectroscopy[22]. It was later further developed and 

applied by the same research group to produce CNTs. Similar to the arc discharge method, the target graphite 

rod or disk was mixed with metal catalysts but laser-vaporized in a rotating fashion while heated at 1200 °C 

under argon flow[38,39]. Previous studies have shown that not only do various metal catalysts[46] change the 

CNT production and the diameter control, but the target temperature[47] and gas flow rate[48] also play a role. 

However, laser ablation as well as arc discharge methods usually produce not only CNTs but undesired 

contaminants such as amorphous carbon and metal catalysts, which require additional subsequent processes 

for purification[49,50]. 

Chemical vapor deposition 

The chemical vapor deposition (CVD) method is nowadays a widely used “clean” technique to grow CNTs 

developed in a later phase. Compared to the previous two methods, this technique allows continuous-flow 

processes at a relatively lower temperature which favors industrial-scale production. Typically, the three 

crucial elements are the hydrocarbon source, the metal catalysts, and the growth temperature. In general, 

the hydrocarbon source decomposes at the catalyst sites where the hydrogen evaporates, and the carbon 

dissolves in and precipitates out from the metal catalyst resulting in the growth of CNTs. The growth process 

is usually associated with two distinct mechanisms, tip-growth[51] and base-growth[52] models, as depicted in 

Figure 2.6 below, and studies have found that the catalyst particle size dictates the tube diameter[53]. The 

additional advantage is that each of the elements could be altered to achieve control over growth parameters 

or mechanisms. For instance, in the HiPCO® (refers to high-pressure carbon monoxide) method[40,54], CO is 

used as the carbon feedstock while Fe(CO)5 is the catalyst precursor. The catalyst precursors decompose 

thermally (800 – 1200 °C) into gas-phase iron clusters and acts as nuclei for CNT growth by CO 

disproportionation under high pressure (30 – 50 atm). The process can be optimized for a high yield of 

SWCNTs with a broad diameter distribution. The work from Maruyama et al.[41] is a great example to show 
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the versatility of the CVD technique by using liquid-phase hydrocarbon (alcohol) as the source material and 

porous zeolite-supported Fe/Co catalysts on substrates to enable lower temperature synthesis and vary tube 

diameter distribution. Resasco et al. modified the HiPCO® process by introducing cobalt and molybdenum 

(Mo) bimetallic catalysts in a fluidized bed reactor[42]. In the reactor, the gas-phase carbon source passes 

through granular bimetallic catalysts with enough velocity to suspend the catalyst particles (prevent them 

from falling as if in fluid) and allow high growth selectivity owing to the superior control over catalysts, such 

as the composition-dependent Co-Mo interaction[55]. The modified process is later known as the CoMoCAT® 

method which contains mostly small diameter tubes (~0.8 nm) with narrow distribution and enriched (6, 5) 

and (7, 5) semiconducting SWCNTs. 

 

Figure 2.6: Illustrations of the mechanism of carbon nanotube growth process (a) Schematic of tip-growth model and 
(b) base-growth model. [Adapted and reproduced with permission from reference[53], Royal Society of Chemistry.] 

From the application perspective, utilization of synthesized CNTs at the individual level is easier when 

dispersed in the liquid phase compared to the solid counterpart. Commonly, the raw synthesized CNTs are 

dispersed in an aqueous or organic solvent with various tactics for separation. Yet, despite the progress in the 

selective synthesis of nanotubes, the product still contains variations of electronic type, tube length, 

diameter, chirality, etc. Post-synthesis sorting techniques are hence often required for suspensions with high 

purity and monodisperse properties for device fabrication purposes. In terms of optoelectronics fabrication, 

the metallicity of nanotubes is one of the detrimental factors. Dielectrophoresis (DEP), shown in Figure 2.7a, 

is one of the early techniques proven to effectively separate semiconducting tubes from metallic tubes based 

on the competition of the positive and negative dielectrophoretic force for metallic and semiconducting 

SWCNTs under certain operating parameters[56]. Another more straightforward and scalable method for 
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separating the electronic types is using density-gradient ultracentrifugation (DGU)[57] as shown in Figure 2.7b. 

In the early demonstration, tube types were separated in a co-surfactant (sodium dodecyl sulfate/sodium 

cholate, SDS/SC) aqueous dispersion depending on how the surfactants arranged and interacted around the 

SWCNTs. In the same work, this method has shown the potential of separating SWCNTs by diameter and later 

progressed to enable length[58], chirality, and enantiomer[59] sorting. Similarly, the separation of tube types 

and chirality sorting of semiconducting SWCNTs can be achieved by gel chromatography (gel filtration), 

displayed in Figure 2.7c, due to the different interaction strengths of surfactants-covered SWCNTs and the 

porous gel columns[60]. The surfactant-based separation techniques were further developed into a so-called 

aqueous two-phase extraction (ATPE) method first reported by Khiripin et al. to achieve effective chirality 

separation in two immiscible aqueous phases[61]. The two aqueous phases, as shown in Figure 2.7d, are 

formed by adding hydrophobic polyethylene glycol (PEG) and hydrophilic dextran (DX) which alter the 

hydrophobicity of SWCNTs for chirality differentiation[62]. Also for aqueous suspensions, using particular DNA 

strands for wrapping selective nanotubes, in Figure 2.7f, was first studied by Zheng et al.[63,64] and later 

demonstrated by Liu et al.[65] for sorting specific chiralities which opened the gate to advancing in biomedical 

application topics. Another effective sorting technique was introduced in 2007 by Chen et al.[66] as well as Nish 

et al.[67] via the usage of conjugated polymers, illustrated in Figure 2.7e. As specific polymer tends to possibly 

helically wrap around by forming π - π stacking with selective SWCNTs in certain solvents (usually organic 

solvents)[68], it results in excellent separation purity and extremely low residual metallic SWCNTs[69]. For 

instance, polyfluorene poly(9,9-di-n-octylfluorenyl-2,7-diyl) (PFO)[66,67] has been used for sorting enriched 

(7, 5) SWCNTs, poly(9,9-di-n-dodecylfluorenyl-2,7-diyl) (PODOF)[70] was used for sorting (9, 8) SWCNTs, and 

polyfluorene copolymers such as poly[(9,9-dioctylfluorenyl-2,7-diyl)-alt-co-(6,6′-{2,2′-bipyridine})] (PFO-

BPy)[71] has been used as extracting agent for enriched (6, 5) SWCNTs. All three polymer-wrapped SWCNTs 

can be dispersed in toluene. When polymer-wrapped SWCNT dispersions are additionally followed by gel 

filtration, instead of chirality separation, it’s a powerful tool for sorting tube length which often is critical for 

SWCNT-based device fabrication[69]. 
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Figure 2.7: Carbon nanotube sorting techniques (a) Representative illustrations of dielectrophoresis (DEP), (b) density-
gradient ultracentrifugation (DGU), (c) gel chromatography, (d) aqueous two-phase extraction (ATPE), (e) non-covalent 
polymer wrapping, and (f) DNA wrapping as sorting techniques. [(a) From “Krupke et al., Separation of Metallic from 
Semiconducting Single-Walled Carbon Nanotubes. Science 301, 344-347 (2003).”[56] Reprinted with permission from 
AAAS. Adapted and reproduced with permission from (b) reference[57], Springer Nature; (c) reference[60], Springer 
Nature; (d) reference[62], American Chemical Society; (e) reference[72], American Chemical Society; (f) reference[65], 
Springer Nature.] 

The sorting techniques can be viewed as a means of extracting certain SWCNTs by non-covalent 

functionalization. The extracting agents, such as surfactants or conjugated polymers, interact weakly with the 

SWCNTs to minimize the perturbation of electronic structures and intrinsic properties[73]. On the contrary, 

covalent functionalization of SWCNTs is often avoided for sorting purposes but instead, for instance, used for 

sensing[74] or biological[75] applications. However, later studies have shown that a low degree of covalent 
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functionalization[16,76], which locally alters the electronic structure and forms luminescent potential traps, 

gives rise to intriguing optical properties such as red-shifted emission with enhanced efficiency and room 

temperature single-photon emission[17,18], the details of which will be discussed later. Some important factors 

of this technique are, for example, to decide upon the usage of functional groups and to control the degree 

of functionalization. The pioneering work can be traced back to 2010 by Ghosh et al., as shown in Figure 2.8a, 

when bright red-shifted emission lines of SWCNTs were observed with mild oxidation[15]. Some following 

reports reveal an in-depth investigation of how various oxygen functional groups change the local electronic 

structure differently by reshaping the sp2 lattice structure[77]. Different kinds of molecules as depicted in 

Figure 2.8b[78], usually alkyl and aryl groups, were later explored which serve a similar purpose. It provides on 

the one hand more diversity, for instance, different functional group/SWCNT interactions associated with the 

binding configuration or environment[79–82], but on the other hand additional controllability, for example, 

synthetic controls[83–86] or post-synthesis treatments[87]. The covalent functionalized SWCNTs open up new 

potential applications in the field of quantum photonics[18,88–91] or biosensing[92–94], etc., and also bring up 

interesting fundamental topics such as the quantification of defect (functional groups) density[95–97]. 

 

Figure 2.8: Luminescent defects of carbon nanotubes by covalent functionalization (a) The red-shifted functionalized 
emission line and the possible oxygen functional groups. (b) Covalent functionalization with aryl groups. [(a) From 
“Ghosh et al., Oxygen Doping Modifies Near-Infrared Band Gaps in Fluorescent Single-Walled Carbon Nanotubes. Science 
330, 1656-1659 (2010).”[15] Reprinted with permission from AAAS. Adapted and reproduced with permission from (b) 
reference[18], Springer Nature.] 

2.2 Optical properties of carbon nanotubes 

To look into the optical properties of SWCNTs, one can start with the electronic structure and combine it with 

additional theory. In this section, we begin with the electronic structure of SWCNTs which can be understood 

as a modification of the graphene band structure. Then we discuss the common optical characterization 
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approaches, namely absorption, fluorescence, and Raman spectroscopy, and the early works of pristine 

SWCNTs along with recent works of sp3-functionalized SWCNTs. To close the section, we review the electrical-

driven light emission of pristine and functionalized SWCNT field-effect transistors. 

2.2.1 Electronic structure of carbon nanotubes 

The electronic band structure of SWCNTs can be derived by the energy dispersion relation of graphene from 

the tight-binding approximation with additional zone folding approximation as the energy levels around the 

circumference of a 1D nanotube system are confined. The corresponding reciprocal lattice vectors of the 

chiral vector 𝑪ℎ  and the translational vector 𝑻 in real space can be described as 𝑲1 and 𝑲2, where 𝑲2 is 

continuous along the tube axis whereas 𝑲1 is quantized along the tube circumference[98]: 

𝑲1 =
1

𝑁
(−𝑡2𝒃1 + 𝑡1𝒃2),     𝑲2 =

1

𝑁
(𝑚𝒃1 − 𝑛𝒃2) 

with reciprocal lattice vectors 𝒃1 and 𝒃2, integers 𝑡1, 𝑡2, 𝑚, and 𝑛 as the coordinates of the translational and 

chiral vectors, and 𝑁  as the number of hexagons per unit cell. The quantization of 𝑲1  can be seen by 

considering the wave vector of a quasi-particle (such as an electron) that the allowed wavelength λ follows a 

phase shift of 2π due to constructive interference, which can be expressed as 

|𝑲1| =
2𝜋

λ
=

2𝜋

|𝑪ℎ|
∙ 𝜇 =

2

𝑑
∙ 𝜇 

, where 𝑑  is the diameter of the tube, and 𝜇 = −
𝑁

2
, … , −1,0,1, … ,

𝑁

2
, meaning there are 𝑁  discrete one-

dimensional electronic bands separated by 2/𝑑 . Therefore, the 𝑲 vectors can be visualized as 𝑁  parallel 

cutting lines in the first two-dimensional Brillouin zone of graphene with the length of |𝑲2| and distanced by 

|𝑲1| given that  

𝑲 = 𝑘𝑧

𝑲2

|𝑲2|
+ 𝜇𝑲1,     |𝑲2| =

2𝜋

|𝑻|
=

2𝑑𝑅

√3𝑑
 

with −𝜋 |𝑻|⁄ < 𝑘𝑧 < 𝜋 |𝑻|⁄  as shown in Figure 2.9. The electronic band structure of SWCNTs can then be 

derived based on the energy dispersion relation of graphene in the first Brillouin zone of nanotubes (zone 

folding approximation) and written as[99] 

𝐸1𝐷
± (𝑲) = 𝐸2𝐷

± (𝑘𝑧

𝑲2

|𝑲2|
+ 𝜇𝑲1) 

Since each SWCNT has its specific (n, m) chiral index, as a result, each SWCNT owns a unique electronic band 

structure. If the cutting lines of a certain SWCNT pass through the 𝑲 (𝑲′) points of the graphene Brillouin 

zone, the energy band shows zero-band gap behavior, similar to graphene, and the SWCNT can be classified 

into a m-SWCNT, or else it goes into the group of sc-SWCNTs with a finite band gap. 
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Figure 2.9: Quantized 1D wave vectors of SWCNTs (a) An armchair (7, 7), (b) a zig-zag (11, 0), and (c) a chiral (6, 3) 
SWCNTs in the first two-dimensional Brillouin zone of graphene. [Adapted and reproduced with permission from 
reference[100], Elsevier.] 

The density of states (DOS) of SWCNTs can be derived from the energy dispersion relation, examples given in 

Figure 2.10 for metallic and semiconducting SWCNTs. The multiple spikes in the DOS followed by an inverse 

square root dependence in energy (1 √𝐸⁄ ) are called van Hove singularities (vHs). They appear close to the 

1D parabolic band edges and are arranged symmetrically in the conduction and valence bands relative to the 

Fermi level. For metallic SWCNTs, in which the allowed wave vectors go through the 𝑲 points of the graphene 

Brillouin zone, they show zero band gap and lead to a constant finite density of states at the Fermi level. On 

the other hand, for semiconducting SWCNTs no cutting lines pass the 𝑲 points and, as a result, the density of 

states is zero at the Fermi level. The accumulation of states at the vHs suggests the preference for interband 

optical transition between the spikes. Due to the selection rule concerning light polarized parallel to the tube 

axis, pronounced optical transitions only occur between the symmetrically appeared vHs in the conduction 

and valence bands[101,102]. The energy difference between the first pair of spikes (vHs) from the lowest 

conduction band and highest valence band for semiconducting and metallic SWCNTs can be expressed as[99]  

𝐸11
𝑆 =

2𝑎𝑐−𝑐𝛾0

𝑑
, 𝐸11

𝑀 =
6𝑎𝑐−𝑐𝛾0

𝑑
 

, indicating the inverse proportionality of the optical transition to the tube diameter. It’s worth mentioning 

that the deduction of the electronic structure of SWCNTs with the zone folding model does not consider the 

curvature effect of the rolled-up CNTs, as it’s based on a planar graphene sheet. The curvature effect[32], 

especially for smaller diameter tubes, could influence the basic vectors 𝒂1 and 𝒂2 and alter the conditions of 

defining wave vectors. For instance, the deformation causes the cutting lines of non-armchair metallic 

SWCNTs to deviate from the 𝑲 points at the graphene Brillouin zone corners[103] and open an intermediate 
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gap proportional to 1 𝑑2⁄ . For armchair SWCNTs, the curvature-induced deformation shifts the wave vectors 

only along the allowed lines. As a consequence, they preserve the truly metallic property with zero band gap 

which has been experimentally proven by scanning tunneling spectroscopy[104]. 

 

Figure 2.10: SWCNT band structures and density of states (a) From metallic (9, 0) zig-zag SWCNT and (b) from 
semiconducting (10, 0) zig-zag SWCNT. [Adapted and reproduced with permission from reference[32], American Physical 
Society.] 

2.2.2 Absorption and photoluminescence 

In this section, we focus on some optical characterization techniques often used in the field of SWCNTs, such 

as absorption and photoluminescence spectroscopy. We discuss the basic working principle including the role 

of excitons in the optical characteristics and application. Basic Raman spectroscopy will also be included as 

being a common technique for probing SWCNTs sp3-functionalization. Lastly, we move on to the defect-state 

photoluminescence of functionalized SWCNTs. We introduce the defect-induced optical properties and the 

mechanism behind them. Additionally, we point out the challenges in synthesizing functionalized SWCNTs in 

a controlled manner and interesting works published throughout the development. 

Absorption spectroscopy 

As discussed in the previous section, the optical properties of SWCNTs can be interpreted in association with 

the energy difference between the van Hove singularities (vHs) symmetrically appearing in the conduction 

and valence bands. The interband transitions are regulated by the selection rule, therefore, the transitions 

predominantly occur only between the symmetrical i-th vHs pair with the same angular momentum in the 

valence band and conduction band[102]. Additionally, due to the 1D anisotropic geometry, the transition mainly 

involves the coupling of polarized light which is parallel to the tube axis. In principle, light-matter interaction 

of light polarized perpendicular to the tube axis is possible between states in the 𝑖-th and (𝑖±1)-th band edges 

of the conduction and valence bands, the depolarization effect yet strongly suppresses the coupling[105]. 
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Conventionally, the optical transition of semiconducting and metallic SWCNTs are denoted as 𝐸𝑖𝑖
𝑆 (or 𝑆𝑖𝑖) and 

𝐸𝑖𝑖
𝑀 (or 𝑀𝑖𝑖), which refers to the 𝑖-th pair of vHs, given in Figure 2.11a. 

Absorption spectroscopy in the visible to near-infrared range is a convenient tool to experimentally 

characterize the optical transition energy of SWCNTs (especially in suspension), and reveal the chiral indices 

(n, m). Theoretically, the dominant optical transition energy for specific (n, m) SWCNTs can be derived based 

on the electronic structure by the tight-binding method. As depicted in Figure 2.11b below, the transition 

energies vs the tube diameters are known as the Kataura plot[106,107], and show an inverse relation. For 

semiconducting SWCNTs in aqueous suspension, the computed Kataura plot has been modified with 

empirically based results for a more accurate interpretation[107]. Apart from identifying the chiral index from 

the absorption spectra, various studies have also shown analytical methodology to evaluate, for instance, the 

purity or concentration of the SWCNT suspension[108,109]. 

 

Figure 2.11: Optical transition schematic and Kataura plot (a) The schematic of optical transition and the transition 
energy between states. (b) The modified computed Kataura plot based on the empirical values. [Adapted and reproduced 
with permission from (a) reference[7], Springer Nature; (b) reference[107], American Chemical Society.] 

Fluorescence spectroscopy 

Fluorescence measurements, especially photoluminescence spectroscopy (PL), are nowadays common 

techniques used for characterizing semiconducting SWCNTs, in which each (n, m) SWCNT structure gives a 

specific characteristic emission. The photoluminescence measurement is performed by exciting SWCNTs with 

higher excitation energy, usually absorbing photons in the second van Hove optical transition E22, in which 

the excited states relax to the lowest conduction band and subsequently to the highest valence band, the first 

van Hove optical transition E11, and emit photons by radiative relaxation. As is shown in the illustration in 

Figure 2.12, the correlation between the first and second van Hove optical transitions provides a more 
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straightforward approach for (n, m) chiral indices assignment. Metallic SWCNTs can’t be distinguished via 

photoluminescence as the absorbed energy leads to a non-emissive relaxation. The pioneering studies of 

semiconducting SWCNTs photoluminescence in the near-infrared were reported first by the group of 

Weisman in 2002 in aqueous suspensions[110,111]. In that work, photoluminescence excitation (PLE) 2D contour 

maps of SWCNT suspensions were presented, by varying the optical excitation energy and recording the 

corresponding emission wavelength. Different semiconducting SWCNT species could be identified from their 

distinct absorption and emission optical transitions. 

 

Figure 2.12: Schematic of photoluminescence process and photoluminescence excitation map (a) A schematic for 
optical transition for the PL process. (b) PLE map for SWCNTs dispersed in aqueous surfactant suspensions. [From 
“Bachilo et al., Structure-Assigned Optical Spectra of Single-Walled Carbon Nanotubes. Science 298, 2361-2366 
(2002).”[111] Reprinted with permission from AAAS.] 

These early works also initiated discussions regarding the nature of the excited states in SWCNTs when the 

well-known ratio problem was pointed out. The experimentally extracted ratio between the second and first 

optical transitions (E22/E11) is around 1.8[111] and deviates from the theoretically calculated ratio of 2 based on 

the tight-binding model[99], which essentially considers only single particle excitation. It turns out that the 

discrepancies can be well explained by accounting for the electron-electron and electron-hole interactions, 

namely the many-body effect in the excited states, as the opposite contributions from the repulsive electron-

electron interaction and attractive electron-hole Coulomb interaction compensate for the deviation[112]. 

Owing to the reduced dimensional systems, the 1D confinement and the reduced dielectric screening, the 

electron-hole Coulomb interaction becomes large and forms bound states usually called excitons[113,114]. The 

exciton binding energy of semiconducting SWCNTs, with an inverse relationship to the tube diameter, is 

typically in the range of a few hundred millielectron volts, and therefore, has a significant role in the optical 

properties of SWCNTs even at room temperature[115]. However, not all the excitons are optically allowed to 
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emit photons during recombination. According to the theoretical prediction, there are in total 16 possible 

excitonic states, yet only one with matched momentum and spin is expected to be optically active, “bright” 

exciton, and the remaining 15 are energetically low-lying (a few meV) optically forbidden “dark” 

excitons[116,117]. The excitonic effect on optical spectra has more than just the influence in terms of energy 

shift, but for instance, on the spectral line shapes as well. In absorption and fluorescence spectra, the 

experimentally observed line shapes often have a Lorenzian distribution[111,118] instead of the asymmetric van 

Hove transition feature associated with the DOS predicted theoretically[112]. The nature and properties of 

exciton such as the diffusion length, lifetime, or the environmental effect also affect the emission 

characteristics[119–122]. By altering the carrier doping density, it’s possible to promote the formation of charged 

excitons, referred to as trions, and lead to distinct optical spectral features[123,124]. 

Raman spectroscopy 

Raman spectroscopy is another powerful analytical tool for optically characterizing CNTs. Instead of probing 

SWCNTs by involving exciton generation/recombination via optical transition for absorption and fluorescence 

spectroscopy, Raman spectroscopy mainly relies on the inelastic scattering of incident photons with various 

vibrational (phonon) modes of molecules. By spectrally resolving the scattered photon energy difference 

(Raman shift), Stokes shift when the photons lose energy and anti-Stokes shift when the photons gain extra 

energy, the Raman spectra fingerprints often feature structural properties. In the case of SWCNTs, the 

commonly observed Raman scattering features are, for instance, the radial breathing mode (RBM) at 

~100 – 300 cm-1, the G band at ~1580 cm-1, and the D band at ~1350 cm-1, as in Figure 2.13a[125]. The RBM 

mode refers to the out-of-plane coherent oscillation along the radial direction that is inversely related to the 

tube diameter and shows an environmental effect. The G band is attributed to the in-plane bond stretching 

mode which often splits into G+ and G- peaks due to the curvature effect. The D band, on the other hand, 

indicates the defect-induced peaks from the defects in the hexagonal sp2 structure[126]. The Raman scattering 

signal is weak inherently but can be strongly enhanced if the excitation incident photon energy matches the 

optical transition energy of SWCNTs, which is called resonant Raman scattering. As a result, by recording the 

Raman signals with variable excitation energy, identifying the optical transition energy of specific SWCNTs is 

feasible. Moreover, resonant Raman spectroscopy is a technique applicable for both semiconducting and 

metallic SWCNTs, in contrast to fluorescence spectroscopy. Typically, the preferred assignment of SWCNT 

chirality would require two correlated characteristics, such as the absorption (E22) and emission (E11) energy 

extracted from a photoluminescence excitation (PLE) map. Similarly, resonant Raman spectroscopy can be 

applied to reliably determine the tube diameters, electronic types, and chiral indices of SWCNTs by the RBM 

frequency and the optical transition energy as referred to in the Kataura plot in Figure 2.13b[127]. 
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Figure 2.13: Raman spectroscopy of SWCNTs (a) Example Raman spectra of a HiPco SWCNTs suspension with the 
schematics of the atomic vibrations for RBM and G band. (b) Raman spectrum fitted by using Lorentzians obtained with 
a 644 nm laser line (1.925 eV), top. The Kataura plot, bottom, in which red circles stand for metallic SWCNTs, and the 
green circles stand for semiconducting SWCNTs. [Adapted and reproduced with permission from (a, top) reference[128], 
Royal Society; (a, bottom) reference[129], American Chemical Society; (b) reference[130], Elsevier.] 

Defect-state photoluminescence 

When the chemical functionalization of SWCNTs comes into the picture, as briefly discussed previously in 

Section 2.1.2, instead of considering the excitonic effect on optical spectra as excitons being mobile 

quasiparticles in the one-dimensional system, many of the luminescent characteristics can be explained by 

the localization of mobile excitons in quantum dot-like (0D) potential traps (sp3 quantum defects)[16,79]. The 

absorption spectra usually won’t change much due to the low degree of functionalization[78,131], that is to say, 

the characteristic distance between defects is large compared to the exciton size[132], which avoids the 

complete disruption of the electronic structure. The potential depths of sp3 quantum defects due to the 

surface functionalization of alkyl or aryl groups generally are in the range of 100 – 300 meV[78], and attributed 

to the red-shifted functionalization-induced emission lines (E11*) by providing additional radiative relaxation 

pathways. The potential traps also redistribute the exciton population by lowering diffusive quenching due to 

defects/tube ends[119,133], and/or non-radiative recombination due to optically forbidden low-lying dark 

excitonic states[117], which often results in enhanced emission efficiency and luminescence lifetime[82,131,134], 

as depicted in Figure 2.14. Perhaps the most intriguing characteristic observed after the introduction of 

luminescent sp3 defects is the extension of single-photon emission nature to room temperature[17,18,83]. In 

2017, He et al. demonstrated room-temperature single-photon defect-state emission from single SWCNTs 

with aryl sp3 quantum defects[18], which was only possible in pristine SWCNT at cryogenic temperature owing 

to the existence of shallow exciton traps in an unstable electrostatic environment[10,11]. 
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Figure 2.14: The defect-induced emission characteristics and relaxation processes (a) The red-shifted defect-induced 
emission line (E11*) and enhanced luminescence lifetime. (b) Illustration of exciton relaxation pathways with defect state 
formation. [Adapted and reproduced with permission from (a) reference[131], American Chemical Society; (b) 
reference[82], American Chemical Society.] 

The variation of alkyl or aryl groups for creating quantum defects alter the potential depths which affect the 

defect-induced emission properties, on top of that, studies have shown that the trap depths also have a 

dependence on the SWCNT chiral indices which generally have an inverse relation with the tube diameter[135]. 

Opposite to the intrinsic excitonic luminescence (E11) of a specific chirality, in which the emission wavelength, 

in general, falls in a narrow window, the red-shifted defect-state luminescence, however, spreads over an 

extremely broad spectral range. According to the theoretical simulation, the spectral diversity can be ascribed 

to the topological variation between the chemical binding configurations of the monovalent functional group 

concerning the CNT axis, in shown in Figure 2.15[81,84]. In order to remain in a neutral closed-shell configuration 

when a functional group forms a sp3 quantum defect on the sidewall, another neighboring sp2 carbon atom 

must also be sp3 hybridized, possibly by a pairing group from the solvent such as hydrogen or hydroxide, 

leading to six chemically distinct functional group configurations. These defect conformations contribute 

mainly to the red-shift of defect-state emission in the range of 100 – 300 meV and the spectral complexity. 

Experimentally, this results in two defect-state emission bands usually denoted as E11* and E11*-, in which the 

E11*- refers to the lower lying energy defect states. The divergence between E11* and E11*- can be reduced 
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when forming defects on near zig-zag SWCNTs due to the structural symmetry, and the more uniform 

emission is a prerequisite for conducting single-photon emission measurement. Apart from the diverse 

binding configurations as the main contribution to red-shifted emissive localized excitons, the electron-

withdrawing ability and arrangement of the functional groups, interrelated to dipole moments and local 

induced charges, are also factors in the potential depth, but in a smaller scale of a few tens of meV[136–139]. 

 

Figure 2.15: The diverse defect-induced red-shifted emission spectra (a) Six possible emissive binding configurations of 
the functional group and the pairing group (hydrogen), and the calculated oscillator strength versus the emission 
wavelength respectively. (b) Example defect-state photoluminescence spectra of different SWCNT chiralities. (c) The red-
shifted defect-state emission can be modulated by the substituent positions of the functional group. Sigma (σ) stands 
for the Hammett constant, which is associated with the electron-withdrawing or electron-donating ability (σ>0 indicates 
an electron-withdrawing substituent) of the substituent group[140]. [Adapted and reproduced with permission from (a) 
reference[81], American Chemical Society; (b) reference[84], Springer Nature; (c) reference[136], Royal Society of Chemistry.] 

There have been many reports regarding synthetic methods of SWCNT functionalization (doping) with various 

alkyl or aryl functional groups[16,141]. In this thesis, since we used only aryl-functionalized SWCNTs via a 

diazonium reaction, the following description will focus on this type of functional group. To introduce aryl sp3 

quantum defects on SWCNTs in the liquid-phase dispersion is arguably the most common technique, which is 

highly scalable and versatile, and can seamlessly be performed after SWCNTs purification and sorting. Both 

solution functionalization methods of aqueous dispersion with surfactants and organic solvent with polymer 

wrapping have been demonstrated in simple, reproducible, and large-scale manners[142,143]. Additionally, 

pristine SWCNTs (films) dispersed on solid substrates can also form quantum defects by similar liquid-phase 

dip-doping methods to achieve spatially defined functionalization areas via pre-patterning[144] or light-driven 

photochemical reactions[145,146]. To meet the specific needs of certain device structures, such as air-suspended 

SWCNTs, vapor-phase reaction provides extra diversity for quantum defect formation[147].  
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Throughout the development of synthetic techniques of SWCNT functionalization for luminescent quantum 

defects, trends in dealing with some fundamental challenges can be observed, namely the control over 

uniform defect-state emission as well as the quantification of quantum defect density. The other aspect of 

the diverse defect-state emission, mainly owing to different functional group binding configurations as 

discussed previously, is the hurdle of reaching uniform defect-state luminescence. As briefly mentioned, due 

to the chiral-dependent functionalization, defect-state luminescent uniformity could be improved by 

choosing near zig-zag SWCNTs[84]. Since then, a few more works of various synthetic approaches from 

different perspectives have been published. Settele et al. demonstrated the selective creation of sp3 quantum 

defects via base-mediated nucleophilic functionalization in UV-light radiation or dark environments[83]. Wang 

et al. proposed controlling the binding configuration of the functional group and the paring group based on 

the steric hindrance effect under different reaction conditions[86]. On the other hand, Yu et al. studied the 

molecular design by altering the arrangement of π-conjugated substituents of the functional group to 

enhance interaction with nanotube sidewalls and facilitate the formation of specific defect binding 

configurations[139]. Instead of tackling the issue directly from the synthesis point of view, Qu et al. showed 

that post-laser irradiation at the E22 transition energy of the SWCNT hosts could reduce the defect-state 

emission wavelength distribution by converting the chemical bonding into a more thermodynamically favored 

configuration[87]. 

Another nontrivial question for functionalization is the determination of defect density. Since the sp3 defect 

formation disturbs the sp2 carbon lattice, it inevitably hampers the electrical properties which in principle can 

be used to detect the defect formation by monitoring the discrete steps in electrical resistance. This approach 

however has only been reported until now from metallic SWCNTs[148,149]. For semiconducting SWCNTs, non-

destructive optical characterization becomes preferable, usually via fluorescence or Raman spectroscopy. 

Typically, the correlation of moderate reactant agent (diazonium salts) concentration and the intensity ratio 

of defect-induced fluorescence (E11*) to intrinsic optical transition intensity (E11) provides reasonable 

information about the defect density. Ma et al. monitored real-time E11 and E11* fluorescence on single 

SWCNT and molecule levels, which allows for quantifying the defect number given a certain SWCNT length 

distribution[96]. The advantages of this method are also the less demanding measuring setup requirements. 

On the other side, Raman spectroscopy is a well-known technique probing defects in the sp2 carbon lattice as 

the signature of the D band in Raman spectra[150]. The integrated intensity ratio of the D band to the G band 

was conventionally an indicator of defect formation under various reactant agent concentrations. Sebastian 

et al. reported the correlation of the D/G intensity ratio with the defect density, and by combining with the 

E11 photoluminescence quantum yield (PLQY) of functionalized SWCNT under different diazonium salt 

concentrations enables quantitative evaluation of the sp3 defect density for SWCNT with small 

diameters[97,151]. Besides, the intermediate frequency mode (IMF) features, which position between the radial 

breathing mode (RBM) and the D mode in Raman spectra, were activated upon covalent functionalization, 
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and Soltani et al. as well as Weight et al. have further investigated in similar directions[152,153]. The studies 

pointed out the increase of IMF along with the decrease of RBM in intensity with higher defect density and 

offered another methodology of quantitatively evaluating the functionalization based on the correlation 

between the integrated intensity ratio of IMF to RBM bands and chirality-specific defect density. 

2.2.3 Electroluminescence 

In this section, we focus on the electroluminescence of pristine and functionalized SWCNTs. We start with a 

brief discussion of the electrical properties, focusing on the roles of electrical contacts as electroluminescence 

characterization requires the integration of SWCNTs into device configurations. Then we introduce the 

common electrical-driven light emission mechanisms, the ambipolar carrier recombination and unipolar 

impact excitation, and discuss some published works of pristine SWCNTs. Finally, we review the recent studies 

related to the electroluminescence of sp3-functionalized SWCNTs in terms of network or single-tube 

geometries. 

Electrical properties 

Field-effect transistors integrated with semiconducting SWCNTs (sc-SWCNTs) have shown superior electrical 

properties in early studies, for instance, the high on-state current with an on/off ratio in the range of 107. It 

is also well-known that the SWCNT/electrode contacts play a significant role in device performance[154,155]. In 

this section, we focus on the roles of electrical contact. Conventionally, metallic electrodes are used for the 

SWCNT device fabrication, and studies have pointed out the advantage of using palladium (as well as larger 

diameter nanotubes) to lower the Schottky barrier for higher on-state current, as shown in Figure 2.16a, 

which is related to the weaker metal/CNT hybridization[156]. In 2018, Engel et al. demonstrated the usage of 

graphene electrodes to enable large-scale nanomaterial placement via electric-field-assisted 

dielectrophoresis (DEP)[157], as the methods visualized in Figure 2.16b. In the work, large-scale integration of 

CNTs into device configuration was presented, and the additional geometrical and electrostatic advantages 

of graphene electrodes were explained. In other words, the reduction of electrode thickness localizes the 

electric field distribution at the substrate for ideal deposition, as well as reduces the bending of the deposited 

nanomaterials at the contact edge, examples of which are depicted in Figure 2.16c. Despite the limited 

understanding of the graphene/CNT hybrid system, Özdemir et al. modeled the device performance by 

associating it with the graphene/CNT spacing and contact length[158]. Additionally, the work elucidates the 

experimentally observed ambipolar transport behavior, which brings insight into developing efficient all-

carbon field-effect transistors and may refer to the study of the electroluminescence characteristics. 
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Figure 2.16: The roles of electrical contact in SWCNT field-effect transistors (a) The influence of metal contact and 
nanotube diameter on the on-state current and Schottky barrier. (b) Sketches of nanomaterial placement via DEP. (c) 
The geometrical advantage of using graphene contact instead of metal contact. [Adapted and reproduced with 
permission from (a) reference[155], American Chemical Society; (b, c) reference[157], Springer Nature.] 

Electroluminescence mechanism 

Electroluminescence spectroscopy can be performed by electrically exciting SWCNTs integrated into a device 

configuration, usually in a three-terminal (source, drain, and gate) field-effect transistor (FET) geometry. Light 

emission occurs while current is injected into the SWCNT channel to form excitons which further relax 

radiatively. Generally speaking, there are two common well-accepted mechanisms of exciton generation, 

namely carrier recombination and impact excitation. For the case of carrier recombination, the electrons and 

holes are injected simultaneously into the channel from opposite sides of the electrodes, the source and drain, 

in an ambipolar FET as shown in Figure 2.17a. The carriers form excitonic bound states and recombine 

radiatively for light emission. The earliest work regarding this emission mechanism was reported by Misewich 

et al. in 2003[159]. The emission intensity was maximum while the overall injected current was at minimum, in 

other words, the device was in the off-state. Further works from Freitag et al. also have demonstrated the 

mobile ambipolar domains, where the electrons and holes overlap, by changing the gate and source-drain 

voltages in a long nanotube device with symmetric contact electrodes, and an emission efficiency of 10-6 to 

10-7 photons/electron−hole pair on SiO2/Si substrate[160,161]. To improve emission efficiency, tactics such as 

asymmetric contact electrodes, split-gate configuration, or air-suspended geometry have been reported[162–

165].  

On the other hand, for impact excitation, a high electric field is necessary to accelerate “hot” carriers (single 

type) to generate excitons that radiatively decay in a unipolar SWCNT device and has been reported by Chen 

et al. in 2005[166]. With enough driving bias, the accelerated energetic carriers inelastically scatter and transfer 

excess energy across the bandgap to excite SWCNTs, which forms excitons in the end, as shown in Figure 

2.17b. A minimum threshold field, related to the lowest transition energy and energy necessary for 
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momentum conservation, is required to trigger light emission, and the emission intensity is exponentially 

proportional to the applied bias[166,167]. Additionally, the creation of abrupt change in the potential can be 

introduced by intentionally perturbing the local interface, for instance, partial suspension or various 

defects[166,168]. Despite the potential for bright emission and theoretically better emission efficiency than 

carrier recombination under ambipolar conditions, the high electric field often causes self-heating of SWCNTs 

and is responsible for the broad spectral features with linewidths on the order of 100 meV[165,169,170]. In terms 

of biasing metallic SWCNTs, thermal light emission due to Joule heating can take place under a high electric 

field and the emission features of thermally excited electrons and holes refer to the interband 

transition[171,172]. Similarly, thermal (incandescent) emissions of SWCNTs have also been reported in which the 

emission spectra fit to the blackbody radiation from Planck's law[173–176]. Since the electrically driven light 

emission of SWCNTs from thermal radiation and electron-hole recombination based on impact excitation both 

require a high electric field and result in a broad emission spectrum, electroluminescence of SWCNTs excited 

at high driving bias could sometimes be attributed to both components[177]. 

The exciton picture in the optical properties of SWCNTs can be applied both to electroluminescence (EL) and 

photoluminescence (PL). Therefore, many fundamental emission characteristics are similar despite the 

different means of exciton generation. Both EL and PL are polarized owing to the 1D structure along the 

nanotube axis[159,178]. The dominant emission mostly follows the lowest optical transition energy E11 with 

comparable linewidth[165]. Tuning the carrier doping level of SWCNTs to facilitate charged exciton (trion) 

formation has also been demonstrated[124,179], as given in Figure 2.17c. However, the difference between 

forming excitons by photoexcitation (PL) or electrical excitation (EL) still influences the emission properties. 

Generally, the emission linewidth of EL is broader than PL emission linewidth due to the current-induced self-

heating effect through exciton-phonon interactions[180,181]. Besides, electrical pumping has a higher chance of 

forming free electron-hole pairs in comparison to photoexcited excitons which are often subject to the optical 

transition selection rules[167,182]. Consequently, the emission spectral features by various excitations can be 

different. Additionally, the reported emission quantum efficiency of photoluminescence (around 1 %[183,184]) 

is generally higher than that of electroluminescence (around 0.01 – 0.1 %[70,185]). However, the essential 

drawback of photoexcitation comes from the limited absorption cross section (absorption coefficient less 

than 1 %[186]), and the further requirement of an external excitation source hindering on-demand on-chip 

integration. 
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Figure 2.17: Electroluminescence mechanism and comparison between PL and EL of SWCNTs (a) Electroluminescence 
from carrier recombination in the ambipolar regime. (b) Light emission from impact excitation under high excitation bias 
in the unipolar regime. (c) Comparable emission characteristics in terms of emission wavelength and linewidth of EL and 
PL. [Adapted and reproduced with permission from (a) reference[7], Springer Nature; (c) reference[165], AIP Publishing. (b) 
From “Chen et al., Bright Infrared Emission from Electrically Induced Excitons in Carbon Nanotubes. Science 310, 1171-
1174 (2005).”[166] Reprinted with permission from AAAS.] 

Defect-state electroluminescence of functionalized SWCNTs 

Since the pioneering work of presenting electroluminescence based on SWCNTs in 2003[159], SWCNTs have 

been explored as active materials for light-emitting devices due to their unique electrical and optical 

properties. The ambipolar characteristic as well as the high carrier mobility facilitate both electron and hole 

carrier injection. Moreover, the exciton photophysics and tunable chiral-dependent emission wavelengths in 

the near-infrared make SWCNTs promising as classical and non-classical on-chip emitters. However, similar 

to the fundamental challenges of low emission quantum yield for photoluminescence, the 

electroluminescence of SWCNTs also faces even lower emission efficiency owing to the enhanced screening 

and non-radiative decay due to excess free carriers[169,187] along with the additional substrate effect[188]. 

Therefore, replacing the pristine SWCNTs with the sp3-functionalized SWCNTs by taking advantage of the 

superior optical properties based on the exciton localization, as discussed in Section 2.2.2, appears to be a 

reasonable tactic for developing SWCNT light-emitting devices. However, since the covalent functionalization 

of SWCNTs disturbs the sp2 lattice structure, which correlates with the electrical properties, the influence of 

the sp3 defects and the defect density on electrical properties would require further investigation. Indeed, 

Gordeev et al. reported that moderate covalent functionalization would not be detrimental to the charge 

transport of single-tube semiconducting SWCNTs[144]. In this study, the direct on-device functionalization 

reaction was activated by laser radiation with in situ control via Raman spectroscopy, as displayed in Figure 

2.18a. Similarly, Zorn et al. exhibited that despite the decrease of electron and hole carrier mobilities with the 



 

 

30 

introduction of sp3 defects (drop ~70 % with the highest defect density, as shown in Figure 2.18b), dense 

semiconducting SWCNT network light-emitting devices remain fully functional[189]. Besides, the electrical-

driven defect-state electroluminescence, which shows similar red-shifted emission as defect-state 

photoluminescence, varies with the degree of functionalization monitored by the Raman D/G peak area ratio. 

The defect-state electroluminescence occurred via ambipolar carrier recombination. On the other hand, in 

Figure 2.18c, defect-state electroluminescence via impact excitation by unipolar carrier injection has also 

been demonstrated by Xu et al. from thin film SWCNT network devices[190]. The emission intensity showed an 

exponential dependence on the applied source-drain current. Apart from the defect-state 

electroluminescence associated with localized excitons, electroluminescence from localized charged excitons 

(trions) was presented by spatially correlating the photoluminescence and electroluminescence from 

functionalized SWCNT devices. In terms of tunable defect-state emission wavelengths based on the binding 

configuration of functional groups, see Figure 2.18d, Zorn et al. tailored the electrical-driven emission from 

small-diameter nanotube devices into the telecommunication O-band (1260 – 1360 nm)[191]. It was mainly 

achieved by a controlled synthetic method to preferably introduce lower energy defect states (E11*-) with a 

BCB‐passivated substrate surface (a cross-linked benzocyclobutene-based polymer), enabling near-intrinsic 

light emission. Most of the defect-state electroluminescence works were investigated in the form of dense or 

sparse SWCNT network devices. However, to address the possibility of developing single-photon emitters, a 

single-tube device is necessary and has been reported by our group and will be discussed in detail in this 

thesis[19], as depicted in the 3D illustration of Figure 2.18e. 
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Figure 2.18: Defect-state electroluminescence from carrier recombination (a) The laser-assisted selective 
functionalization and in situ monitor with Raman spectroscopy. (b) The influence of charge carrier mobility of dense 
SWCNT network devices under sp3 functionalization, and defect-state electroluminescence via carrier recombination. (c) 
Defect-state electroluminescence of sparse SWCNT network devices from impact excitation. (d) Modifying the red-
shifted emission wavelength into the telecommunication O-band. (e) Defect-state electroluminescence from single-tube 
devices with sp3 quantum defects. [Adapted and reproduced with permission from (a) reference[144], American Chemical 
Society; (b) reference[189], American Chemical Society; (c) reference[190], AIP Publishing; (d) reference[191], American 
Chemical Society; (e) reference[19], American Chemical Society.] 

2.3 Carbon nanotubes as non-classical light sources 

One of the important reasons for SWCNTs to continuously grab attention is the potential development of 

single-photon emitters, which is an essential building block in the quantum photonic field. The tunable near-

infrared emission wavelength is an additional advantage regarding integration with optical fiber 

communication. In this section, we start with some reviews of single-photon emission of SWCNTs, first 
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reported in 2008 by observing photon antibunching in photoluminescence at cryogenic temperatures. The 

intentional sp3 functionalization of SWCNTs further extends this characteristic to room temperature. Then we 

introduce some works on coupling SWCNT emitters into optical microcavities to boost the light emission 

characteristics by strengthening the light-matter interaction as we will demonstrate our contribution 

regarding SWCNT emitters in photonics in Chapter 6. To begin, we describe the basics of photon statistics as 

the theoretical foundation for correlation measurements. 

2.3.1 Photon statistics and correlation measurement 

Before jumping into the topic of reviewing non-classical light emission from SWCNTs, especially the single-

photon emission behavior in the near-infrared, we now discuss the classes of light sources based on the 

photon statistics and the experimentally related photon correlation measurement. Usually, regarding the 

temporal distribution of light, three types of light sources can be distinguished, namely coherent (random), 

bunched (chaotic), and antibunched (non-classical) light sources. Light emission from a laser operated well 

above the threshold is a typical example of coherent light with a random photon spacing as a function of time. 

The photon statistics for the coherent light with constant power follows a Poisson distribution and can be 

described as  

𝑃(𝑛) =
�̅�

𝑛!
𝑒−�̅� 

, where 𝑛=0, 1, 2, … refers to the photon number, 𝑃(𝑛) is the probability of detecting n photons, and �̅� is the 

mean value of the photon number. The actual (detected) photon number fluctuates around the average value 

�̅� with a standard deviation of 𝛥𝑛 = √�̅� according to the Poissonian statistics. In terms of bunched light, such 

as thermal light, super-Poissonian statistics can be expected which shows larger standard deviation 𝛥𝑛 > √�̅�. 

Larger fluctuations in the photon numbers can be anticipated in a given time interval than from the coherent 

light. On the other hand, antibunched light can refer to sub-Poissonian statistics with a smaller standard 

deviation 𝛥𝑛 < √�̅�, meaning a more equal spacing distribution of detected photons as a clear evidence of 

the quantum nature of light. 

To experimentally differentiate the classes of light sources, photon correlation measurements are usually 

performed and the second-order correlation function g2(τ), which is associated with the correlation of 

intensity fluctuations, is extracted. The experiment can be performed in a Hanbury Brown and Twiss (HBT) 

configuration, schematic in Figure 2.19a, where the incident stream of photons is equally divided by a 50/50 

beam splitter and detected by two independent detectors. The output signals from the two detectors are fed 

into a correlator which precisely records the arrival time of incoming photons. Since the intensity of incident 
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light is proportional to the registered photon counts on the detectors, the second-order correlation function 

can be expressed as 

g2(τ) =
〈𝐼(𝑡) ∙ 𝐼(𝑡 + τ)〉

〈𝐼(𝑡)〉〈𝐼(𝑡 + τ)〉
=

〈𝑛1(𝑡) ∙ 𝑛2(𝑡 + τ)〉

〈𝑛1(𝑡)〉〈𝑛2(𝑡 + τ)〉
 

with 𝑛𝑖(𝑡) being the photon count numbers registered on detector 𝑖 at time 𝑡, and 〈𝑛𝑖(𝑡)〉 referring to the 

average value of photon counts. In other words, the g2(τ) value is proportional to the probability of detecting 

another photon on the second detector at time τ, assuming the first detector registers a photon at time 𝑡 = 0. 

Now, if we take a coherent light source with a constant output power and perform the HBT experiment, it’s 

reasonable to consider that 〈𝐼(𝑡)〉 = 〈𝐼(𝑡 + τ)〉  given the constant average intensity. Additionally, the 

intensity fluctuations at times 𝑡 and 𝑡 + τ will be uncorrelated when τ is greater than the coherence time τ𝑐, 

namely 

g2(τ ≫  τ𝑐) =
〈𝐼(𝑡) ∙ 𝐼(𝑡 + τ)〉

〈𝐼(𝑡)〉2
=

〈𝐼(𝑡)〉2

〈𝐼(𝑡)〉2
= 1 

and 𝐼(𝑡) = 〈𝐼〉 + 𝛥𝐼(𝑡)  with 〈𝛥𝐼(𝑡)〉 = 0, where 𝛥𝐼(𝑡)  is the deviation from the mean intensity 〈𝐼〉 . That 

being said, when characterizing the photon stream of a single-photon emitter in an HBT setup, in which the 

time interval between subsequent emitted photons is more regular, the first incoming photon triggers only 

one of the two detectors to start the time counting of the correlator. At the same time, the other detector 

will record no photon at τ = 0. As every incoming photon has a 50 % probability of being directed to either 

detector due to the 50/50 beam splitter, the correlator will complete an event when eventually a subsequent 

photon hits the other detector and triggers the stop process. Prior photons that go to the same first detector 

will be ignored. As a result, we can expect the g2(τ) value at τ = 0 in principle to be zero and it increases for 

larger τ values until it reaches the value of unity. Indeed, the antibunched light can be identified when 

g2(0) < 1. On the other hand, the bunched light is defined by g2(0) > 1, which can be straightforwardly 

understood as such the probability of detecting another photon for a small value of τ is expected to be higher 

since the photon stream consists of photons in bunches. Illustrations of photon streams from different classes 

of light sources and examples of second-order correlation function measurement results of different light 

sources are summarized in Figure 2.19b,c.  
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Figure 2.19: Photon correlation measurement and the class of light sources (a) A schematic of the Hanbury Brown and 
Twiss setup for photon correlation measurement. (b) Illustrations of photon streams from different classes of light 
sources. (c) Example of the second-order correlation function from different light sources. 

2.3.2 Single-photon emission 

The first experimental demonstration of photon antibunching in photoluminescence from pristine SWCNTs 

was reported by Högele et al. in 2008[10], as shown in Figure 2.20a. The single-photon emission was achieved 

owing to the localization of excitons in the shallow trap states formed in the 1D system in the disordered 

dielectric environment[192]. The antibunching behavior was observed only at cryogenic temperature and 

depended on the excitation pumping power as a consequence of the thermal de-trapping effect. At a similar 

temperature, Khasminskaya et al. demonstrated in 2016 electrically driven photon antibunching in the 

electroluminescence from SWCNTs integrated into nanophotonic waveguides[11]. As a side note, room-

temperature single-photon emission was exhibited in 2017 by Ishii et al. from mobile excitons in pristine 

micrometer-long air-suspended SWCNTs due to efficient exciton-exciton annihilation in which the exciton 

diffusion and environmental confinement play critical roles[193–195]. To reduce the de-localization of excitons 

due to thermalization, creating deep exciton trap states to extend the single-photon emission nature to higher 

temperatures, in contrast to the unintentional and uncontrollable shallow traps at low temperatures, 

becomes an obvious strategic approach. Indeed, the room-temperature single-photon emission of SWCNTs 

with deep excitonic trap states was reported by Ma et al. in 2015. The SWCNTs were embedded into an 

electron-beam deposited SiO2 matrix in which low concentrations of oxygen dopants were indirectly 

introduced to create deep trap states with various potential depths[17], displayed in Figure 2.20b. In 2017, 

shown in Figure 2.20c, He et al. demonstrated tunable room-temperature single-photon emission from aryl 

sp3 functionalized SWCNTs with remarkable single-photon purity in the telecom wavelengths (C-band)[18]. 

Additionally, Nutz et al. observed both antibunching of defect-induced exciton and trion (charged exciton) 

photoluminescence from SWCNTs with quantum defects by covalent alkyl groups attachment and studied the 

photoexcited exciton population distribution at cryogenic temperature[90]. Meanwhile, Zheng et al. presented 
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single-photon emission characteristics from SWCNTs covalently functionalized by single-stranded DNA at both 

cryogenic and room temperature, which provide a new engineering route for quantum defect formation[89]. 

Generally speaking, the high spectral purity of emitters is one of the prerequisites for successful photon 

antibunching observation. It often could be resolved by the minimization of substrate interaction, which 

indeed was demonstrated in early works from Hofmann et al. by air-suspending pristine nanotubes to boost 

the correlation measurement outcomes[196]. Walden-Newman et al. presented that embedding pristine 

nanotubes into nonpolar polystyrene as a cavity dielectric enhances not only the spectral purity but also light 

extraction[197]. On the other hand, the covalent sp3 functionalization of SWCNTs most of the time results in 

diverse emission spectra, as was discussed in the previous section, which inspired many fundamental works 

on improving spectral purity. As has been studied in many additional cases of pristine SWCNTs, integrating 

nanotube emitters into optical microcavities effectively boosts certain emission properties, such as bringing 

out brighter and cleaner emission lines. Naturally, the integration of functionalized SWCNTs into similar 

photonic structures could overcome the challenge of achieving single-photon emission. In the next section, 

we will discuss some published works on coupling functionalized SWCNTs with photonic structures and their 

single-photon emission performance.  

 

Figure 2.20: Single-photon emission of SWCNTs via pulsed optical excitation (a) Photon antibunching observed from 
pristine SWCNTs at cryogenic temperature due to the local shallow excitonic trap states. (b) Room temperature single-
photon emission of SWCNTs with solitary oxygen dopant-induced deep trap states. (c) Room temperature single-photon 
emission of SWCNTs with sp3 quantum defects via aryl diazonium reactions. [Adapted and reproduced with permission 
from (a) reference[10], American Physical Society; (b) reference[17], Springer Nature; (c) reference[18], Springer Nature.] 

2.3.3 Functionalized carbon nanotubes in nanophotonics 

Integration of nanoscale emitters into optical cavities or resonators, which provide a confined space for light 

to oscillate and generate resonant modes to strengthen the light-matter interaction, has been a common 
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strategy to enhance the emission characteristics. For the case of pristine SWCNTs, both photonic and 

plasmonic nanocavity platforms have been utilized to tailor the emission properties, such as the emission 

efficiency and emission line width based on the Purcell effect[12,13,21,198,199]. The Purcell enhancement of the 

emitters refers to the enhancement of the spontaneous emission, increasing the radiative decay rate, and can 

be described by the ratio between the emission rate of the resonant cavity mode and the free-space emission 

as the Purcell factor 𝐹𝑃, 

𝐹𝑃 =
3

4𝜋2
(
𝜆

𝑛
)3

𝑄

𝑉
 

Here, 𝜆 is the wavelength of the emitted light, 𝑛 is the refractive index of the medium, 𝑄 is the quality factor 

of the cavity, and 𝑉 is the optical mode volume. Since the introduction of intentional sp3 quantum defects 

into SWCNTs, a few works have been reported that tackled various challenges including enhancing single-

photon emission and the spectral diversity from different defect-states. Ishii et al., in Figure 2.21a, 

demonstrated room-temperature single-photon emission from functionalized SWCNTs on silicon 

microcavities with enhanced emission brightness and reduced emission lifetime at the cavity mode 

wavelengths[200]. The study also presented the preservation of antibunching behavior even under higher 

optical excitation power. In Figure 2.21b, Luo et al. have reported even higher cavity-enhanced quantum 

efficiency with defect-state emission lifetime down to 10 ps by integrating functionalized SWCNTs into 

plasmonic nanocavities[91]. Meanwhile, room-temperature single-photon emission in the telecom O-band 

with a purity of up to 99 % was also observed. Recently, Borel et al. presented the coupling of functionalities 

SWCNTs into a fiber microcavity, as displayed in Figure 2.21c, and reported a brightening effect of fiber-

coupled single photon emission with an output count rate of up to 20 MHz in the Purcell regime[88]. Owing to 

the advantage of the reconfigurable fiber cavity, tunable single-photon emission was achieved in the telecom 

wavelengths. 
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Figure 2.21: Integration of functionalized SWCNTs into microcavities (a) Light-matter interaction strengthening of 
functionalized SWCNT on a silicon photonics platform. (b) Coupling of functionalized SWCNTs in plasmonic nanocavities. 
(c) Brightening of functionalized SWCTNs in a tunable fiber microcavity. [Adapted and reproduced with permission from 
(a) reference[200], American Chemical Society; (b) reference[91], American Chemical Society; (c) reference[88], American 
Chemical Society.] 
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3 Experimental Methods 

 

In this chapter, we will discuss the experimental methods generally used throughout the thesis. As a side note, 

some approaches may vary according to the need for different projects but will be pointed out when required. 

The chapter will be divided into three parts, namely the fabrication of single-walled carbon nanotube (SWCNT) 

devices, the characterization of SWCNT devices, and lastly the photon correlation measurement. In the first 

section, which can be roughly viewed as two parts, we first describe the preparation of SWCNT dispersion, 

including purification, length sorting, and further functionalization. We then continue discussing the 

fabrication of SWCNT devices, covering structure patterning via electron beam lithography and SWCNT 

deposition via electric field-assisted dielectrophoresis. In the second section, we introduce characterization 

techniques involving charge transport measurement for electrical properties, electroluminescence 

spectroscopy for electrical-driven light emission characteristics, and scanning electron microscopy for device 

imaging. In the third part, we focus on the setup of photon correlation measurement based on the Hanbury 

Brown and Twiss (HBT) configuration. Finally, we elaborate on the necessary setup alignment and approaches 

for data analysis. 

3.1 Device fabrication  

This section describes the SWCNT dispersion preparation and device fabrication. Since the device 

configuration for the results in Chapter 4 and Chapter 5 are rather identical, similar electron beam lithography 

procedures were implemented. However, for Chapter 6, different SWCNT chirality was used, and the different 

device configurations with cross-bar photonic crystal (PhC) cavities require more complex fabrication 

processes. Nevertheless, the dielectrophoresis for SWCNT deposition remains applicable throughout the 

work. 

3.1.1 Dispersion preparation and functionalization 

The pristine and aryl-functionalized (7, 5) SWCNT dispersions were kindly prepared with the courtesy of our 

long-term collaborator, Dr. Frank Hennrich from Karlsruhe Institute of Technology, and the aryl-functionalized 

(6, 5) SWCNT dispersion was provided by collaborators from Los Alamos National Laboratory. The raw SWCNT 

soot for pristine (9, 8) dispersion was provided by collaborators from the University of Sydney. The dispersion 

preparation is described generally as the following: 

The preparation of pristine (7, 5) SWCNT dispersion has been described in detail in our previous work[69]. The 

PFO polymer-wrapped (7, 5) SWCNT dispersion was prepared by dissolving the raw material soot (CoMoCAT, 

Sigma-Aldrich) and the polymer poly(9,9-di-n-octylfluorenyl-2,7-diyl) (PFO, Sigma-Aldrich) in toluene. The 
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suspension then went through a sonication treatment in a water-circulation cooling bath and centrifugation 

aiming for high purity. Size exclusion chromatography was followed for length sorting resulting in suspension 

fractions with various length distributions. UV−vis−NIR absorption spectra and photoluminescence excitation 

maps were recorded by using a home-built setup as described elsewhere[201]. The spectra were corrected for 

wavelength-dependent excitation intensity and the instrumental response of the spectrometer. The (6, 5) 

SWCNT dispersion was produced similarly except for the polymer poly[(9,9-dioctylfluorenyl-2,7-diyl)-alt-co-

(6,6′-{2,2′-bipyridine})] (PFO-BPy) (American Dye Source) was used[72], and poly(9,9-di-n-dodecylfluorenyl-

2,7-diyl) (PODOF) (Sigma-Aldrich) was used for sorting (9, 8) SWCNTs[70]. For the functionalization, 3,5-

dichlorophenyldiazonium tetrafluoroborate was added to pristine suspension with a suitable nanotube length 

distribution and heated slightly less than the boiling point temperature of toluene in a dark environment[19]. 

Right after the functionalization process, PL spectra were measured to ensure the appearance of red-shifted 

defect-state emission. 

3.1.2 Electron beam lithography 

Electron beam lithography, e-beam lithography, is a widely used direct writing technique for nanofabrication 

by patterning structures down to the sub-10 nm scales. The system often is similar to a scanning electron 

microscope (SEM) except additionally equipped with a pattern generator. The focused electron beam changes 

the properties of the electron-sensitive films (usually referred to as resists) on substrates and alternates their 

solubility. The resist after sufficient electron beam exposure, either becomes more soluble (positive resist) or 

less (negative resist) which enables selective dissolving during development and often is followed by various 

processes such as etching and metal deposition. One of the first developed positive e-beam resists which still 

remains to this day, PMMA, Poly(methyl methacrylate)[202,203], is used in this work (PMMA 950 K, Microresist). 

We used the scanning electron microscope (LEO Gemini 1530, Zeiss) with a pattern generator (ELPHY Plus, 

Raith) and ran by the CAD Elphy-32 design software. 

Two types of three-terminal SWCNT field-effect transistors with different source-drain electrode materials on 

heavily p-type (B-doped, < 0.005 Ω·cm) silicon substrates with a 300 nm thermal SiO2 layer as the global back-

gate electrode were fabricated in this thesis. Namely, devices with monolayer CVD graphene electrodes 

(Graphenea) and with conventional metallic electrodes. For the graphene-based electrode devices, three e-

beam lithography steps with proximity correction were required for patterning electrodes. PMMA was used 

as a positive resist (PMMA 950 K A4.5 in Anisole, 6000 rpm). Samples were spin-casted with resist and 

prebaked on a hot plate for 3 minutes at 150 °C. After the e-beam patterning, cold development was followed 

in a solution of methyl isobutyl ketone (MIBK) and isopropanol (1:3) placed in an ice bath at 0 °C for 

30 seconds. Samples were rinsed with isopropanol, dried in a stream of nitrogen, and annealed at 90 °C for 

1 minute on a hot plate. Alignment markers were defined in the first e-beam lithography followed by 
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depositing 50 nm tungsten via RF (300 W) sputtering technique (Bestec). In the second step, graphene strips 

were defined in which the remaining graphene apart from the PMMA-covered strips was etched via oxygen 

plasma (RIE Oxford Plasmalab 80 plus, 15 sccm O2, 60 mTorr, 30 W for 75 s). The graphene strips have channel 

lengths of 100 – 200 nm and were perforated with holes to minimize the contact resistance[204]. The bowtie-

structured graphene stripe used for setup alignment in Section 3.3.2 was also patterned in this step. In the 

last lithography step, metal leads were defined and subsequently deposited with 3 nm chromium (Cr, 100 W 

RF) and 42 nm palladium (Pd, 70 W DC) by sputtering. The lift-off process was carried out in acetone to 

complete the fabrication. An illustrated process flow of the last two e-beam lithography steps for SWCNT 

device fabrication is shown in Figure 3.1. 

On the other hand, for devices with metallic source-drain electrodes, only one e-beam lithography step 

(similar to the last step for graphene-based electrodes) is required to define electrodes with a 200 nm gap 

size. The PMMA resist (PMMA 950 K A2.0, 5000 rpm) was spin-coated on 300 nm SiO2/Si wafers 

(Active Business Company), e-beam patterned, cold developed, and followed with 3 nm Cr and 42 nm Pd 

metallization. The lift-off process is performed in acetone with mild sonication. In the outlook, SWCNT devices 

coated with polytetrafluoroethylene (PTFE, Teflon AF-2400, Sigma-Aldrich) were prepared by spin-casting 1 % 

purified PTFE solution (15 μL) at 3000 rpm for 60 s and followed by 100 °C and 150 °C post-annealing on the 

hotplate for 5 min each in ambient conditions. The detail of the PTFE solution is referred to the work of Kumar 

et al[205]. To probe the metallic contact pads under the 30 nm PTFE layer, direct electron beam patterning 

using an exposure dose of 2.6 mC/cm2 at 10 keV beam energy was performed to remove the Teflon layer 

locally[206]. 
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Figure 3.1: Schematic illustrations of SWCNT device fabrication process flow Fabrication steps of SWCNT devices with 
graphene-based electrodes starting from a CVD graphene film on SiO2/Si substrate with alignment markers to the final 
integration of SWCNTs via dielectrophoresis (DEP). The process includes two e-beam lithography steps for defining 
graphene electrodes and metallic leads. PMMA was used as the resist and graphene electrodes was contact with 
palladium (Pd) metallization. The bowtie-sturctured graphene stripe for measurement setup alignment is also presented 
in the graphene etching process. The lithography step for patterning alignment markers, out of tungsten (W), is ignored 
for simplicity. 

The electron beam lithography processes for preparing the device used in Chapter 6 were performed by our 

collaborator, Dr. Anna Ovvyan, at Universität Münster, and the nanocrystalline graphene was synthesized by 

Dr. Sandeep Kumar. The hybrid cross-bar PhC devices were prepared from commercial 335 nm stoichiometric 

Si3N4 on 3.320 μm thick SiO2 layer on top of 525 μm Si substrate. The 5 nm thick nanocrystalline graphene 

(NCG) was synthesized on top of the Si3N4 surface by spin-coating photoresist (S1805 G2, Microposit) and 
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graphitizing under high vacuum at high temperature. The photoresist solution was prepared by diluting to a 

1:4 ratio with Propylene Glycol Monomethyl Ether Acetate (PGMEA, Sigma-Aldrich). The spin-coated 

photoresist on the substrate was followed by 110 °C annealing and further graphitization in a high-

temperature (1000 °C for 10 h) vacuum furnace (< 10−6 mbar) equipped with a quartz glass tube. The thickness 

of the synthesized thin film is determined by atomic force microscopy in tapping mode.  

Fabrication of hybrid cross-bar PhC devices involves several steps of e-beam lithography followed by reactive 

ion etching (RIE). In the first e-beam lithography step alignment markers were defined with positive 

photoresist PMMA. A 100 nm Gold (Au) with an underneath 7 nm chromium (Cr) adhesion layer were 

deposited on the chip followed by a lift-off process in acetone. The challenge of patterning the desired Si3N4 

structure without damaging the covered NCG layer was overcome by the development and optimization 

recipe based on e-beam lithography patterning of negative tone photoresist ma-N 2403 with underneath 

sacrificial layer of PMMA. After e-beam lithography exposure, the remaining not-exposed negative resist was 

removed in the developer MF-319. The structures were fully dry-etched into the silicon nitride layer using a 

CHF3/O2 plasma, and both resists were removed in acetone. In the next step, NCG electrodes were defined in 

a similar spin-coated sandwich of resist layers. After a similar e-beam exposure and development process, the 

noncovered NCG layer was removed in O2 plasma and again lifted off in acetone. In the last e-beam 

lithography step, contact pads were transferred into the PMMA layer with deposition of 7 nm Cr adhesion 

layer and 120 nm Au, followed by lift-off in acetone. Finally, in the last fabrication step, 3D coupling structures 

were realized on each terminal of the cross-bar nanophotonic waveguides by optimized additive 

manufacturing using direct laser writing (DLW) with a Nanoscribe tool. 

3.1.3 Dielectrophoresis deposition 

Dielectrophoresis (DEP) is a technique used for manipulating dielectric nanoparticles based on the interaction 

of the induced dipole moment under an external inhomogeneous electric field. The dielectrophoretic force is 

proportional to the relative polarizability of the particle and the solvent medium along with the strength and 

frequency of the applied electric field. In terms of SWCNTs, the length, diameter, and tube type as well as the 

conductivity of the solvent medium are factors that change the interacting force described in an early work 

of Krupke et al.[207] by considering the SWCNT a needle-shaped particle. As an application example, the 

technique has been demonstrated to separate metallic (m-SWCNT) and semiconducting (sc-SWCNT) carbon 

nanotubes in an aqueous suspension. Under high frequency of the alternating electric field, the dielectric 

constant of metallic SWCNT (εt
m) is greater than solvent medium (εm) which is greater than semiconducting 

SWCNT (εt
sc). The opposite dielectrophoretic force for metallic (positive DEP, attractive) and semiconducting 

(negative DEP, repulsive) leads to opposite movement according to the external electric field gradient[56]. 

Apart from separating and sorting SWCNT, in this work, we use the DEP technique to achieve site-selective 

deposition to assemble SWCNTs into pre-patterned structures.  
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In this thesis, single-chirality SWCNTs were integrated into the three-terminal device using electric field-

assisted dielectrophoresis[208]. Individual SWCNT deposition was achieved by diluting the toluene-based 

SWCNT suspension with a factor of 10 – 100 to obtain an optical density of E11 optical transition around 

0.01 – 0.001. A 15 μL droplet of suspension was drop cast onto the device array, and a DC bias between 

0.1 – 2 V was applied on the common drain electrode with the back-gate grounded by using a Keithley 2000 

multimeter or an Agilent 33250 function generator for 3 min. A reference signal was monitored via an 

Agilent DSO1022A oscilloscope to secure proper electrical contact. The samples were rinsed with toluene 

several times to get rid of excess polymer residue and dried gently with a nitrogen stream. The devices were 

annealed at 70 °C for 10 – 15 minutes to remove residual solvent and improve contact resistance. To confirm 

the successful deposition of SWCNT(s) between source-drain electrode pairs, transfer characteristics of the 

device were conducted at ambient conditions with a probe station using an Agilent 4155C semiconductor 

parameter analyzer. 

3.2 Device characterization 

Typical characterizations of light-emitting SWCNT devices involve preliminary electrical measurements to 

identify working devices and the basic electrical properties, and electroluminescence spectroscopy for the 

main research interests. The scanning electron microscope is often used for studying the CNT length 

distribution of the dispersion and visualizing the device structure/numbers of nanotubes between electrodes. 

The scanning electron microscopy was conducted only after acquiring all necessary results to avoid undesired 

charging or defect formation after electron beam exposure. 

3.2.1 Electrical transport measurement 

Electrical properties of the SWCNT devices were characterized by probing the devices either via a probe 

station with triaxial probes which have a current detection limit of 30 fA or electrically wired to a home-built 

sample holder[70] using a universal wedge bonder (Kulicke & Soffa Model 4123) equipped with aluminum alloy 

(Al-Si 1 %) bonding wires. Minimum bonding power was utilized to avoid underneath oxide SiO2 damage. The 

measurements were performed using Agilent 4155B/4155C semiconductor parameter analyzer operated by 

the EasyEXPERT software interface. For biasing, we used separate source-measurement units (SMU) for each 

terminal: source, drain, and gate. The bias applied to the source and gate electrode was referenced to the 

drain potential. 

In ambient conditions, the transconductance measurements were carried out with source-drain bias no 

higher than 3 V and gate voltage sweep of ±4 V with 80 mV sweeping intervals to prevent device degradation 

or dielectric breakdown in the SiO2 layer[209]. Here, the main purpose was usually to determine the success of 
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SWCNT deposition via DEP, therefore the number of power line cycles (NPLC) was set to 1 for a faster 

measurement rate. Higher source-drain bias, if necessary, and the constant source-drain current mode was 

only operated in vacuum and/or low temperature. In this case, transconductance measurements were 

conducted with 5 power line cycles (PLC) for better signal accuracy and 3 s hold time (no extra delay between 

the sampling points) for device stabilization before the measurement began. These basic electrical 

characteristics provide valuable information to evaluate the device's stability and the initial parameters for 

electroluminescence measurements. 

3.2.2 Electroluminescence spectroscopy 

The SWCNT devices were mounted on a home-built holder and loaded into a 4 – 500 K continuous-flow, 

sample-in-vacuum, optical cryostat (MicrostatHiResII, Oxford Instruments). On-chip devices were electrically 

wire-bonded to the palladium pads on the sample holder. The samples were vacuum annealed (below 10-

6 mbar) in situ at 70 – 120 °C via the integrated heater (ITC 503) and electroluminescence measurements were 

followed without breaking the vacuum. SWCNT devices were driven by using an Agilent 4155B semiconductor 

parameter analyzer where source-drain electrodes were operated in constant-current mode whereas the 

gate electrode was running in constant-voltage mode. The cryogenic temperature (4 K or 77 K) was reached 

by introducing liquid helium or liquid nitrogen. As shown in the Figure 3.2, the optical cryostat was placed 

under a customized optical microscope (Zeiss Axiotech Vario) where the light from the emitter was collected 

with a Zeiss objective LD Plan-Neofluar (40×/NA0.6) in Chapter 4 and an Olympus objective LCPLN20XIR 

(20×/NA 0.45) in Chapter 5. The SWCNT device was positioned via focusing the reflected global light from the 

sample by a silver-coated off-axis parabolic mirror (MPD149-P01, f/4, Thorlabs) into an imaging spectrograph 

(Acton SP-2360, f/3.9, Princeton Instruments) and on a 1024×256 pixels charge-coupled device (CCD) array 

with thermoelectric cooling (PIXIS, Princeton Instruments) in the mirror mode. The electroluminescent light 

was focused in a similar light path into the imaging spectrograph and dispersed via a diffraction grating 

(85 g/mm, 1.35 μm) onto a liquid-nitrogen-cooled 1024×1 pixels linear InGaAs photodiode array (PyLon-IR, 

Princeton Instruments), sensitive from 950 to 1610 nm. The spectra were recorded via the Lightfield software 

with the built-in function for background subtraction due to the dark signals (thermal background or leakage 

current). Wavelength (peak position) calibration of the 1D InGaAs detector was performed by using the built-

in function with a mercury-argon calibration light source (WITec). To compensate for the wavelength-

dependent intensity scaling factor of the setup, all spectra were calibrated by the relative spectral sensitivity 

curve. The acquisition and calibration of the setup spectral sensitivity and some more details of the setup 

were described in our previous report[70]. The precise and stable positioning of the emitter was achieved via 

a motorized XY positioning stage (8MTF, Standa) along with a high-precision objective piezo scanner (P-

721 PIFOC, Physik Instrumente) for tuning the focusing distance. 
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Figure 3.2: Electroluminescence (EL) spectroscopy measurement setup (a) The EL measurement setup mainly comprises 
the continuous-flow optical cryostat on the motorized stage, the concentrically customized optical microscope, and the 
imaging spectrograph equipped with two CCD and InGaAs photodiode arrays. (b) A zoom-in photograph of the optical 
cryostat when the microscope objective was in focus. Photographs of the EL setup were kindly taken by Dr. Sandeep 
Kumar. 

3.2.3 Scanning electron microscopy 

Scanning electron microscopy (SEM) is a common imaging technique by scanning the sample surface with a 

focus electron beam in a raster scan pattern. The interaction between electrons and the sample generates 

various information concerning the surface topography and element composition depending also on different 

implementations of detectors. The fabricated SWCNT field-effect transistors and the individually dispersed 

SWCNTs on the polished p-type silicon substrate (B-doped, > 1 Ω·cm, CrysTec GmbH) for length analysis were 

imaged with a field emission scanning electron microscope (Zeiss Ultra Plus). Primarily type I secondary 

electrons (SE1), originating from the impingement of the primary electron beam in the specimen, were 

collected using an immersion lens (in-lens) secondary electron detector at a 1 kV electron high tension (EHT) 

voltage with a 20 μm aperture and a working distance between 2 – 3 mm. The combination of low 

accelerating voltage and the collection of SE1 signals via an in-lens detector reveals high-resolution and 

surface-sensitive information, which is ideal for imaging nanoscale topographical features. To investigate the 

length distribution of the SWCNT dispersion, the sample was prepared by first cleaning the Si wafer with 

acetone/isopropanol followed by 1 minute of oxygen plasma cleaning (30 % power, Atto Plasma Cleaner, 

Diener electronic GmbH), and spin-coating the dispersion at 1500 rpm for 1 minute with 3 minutes post-

annealing at 150 °C. The microscope system was operated using the SmartSEM user interface, and the length 

distribution analysis was carried out with ImageJ software. 
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3.3 Photon correlation measurement 

The photon statistics of a light source in terms of the arrival time could be divided into three categories 

according to the second-order correlation function: antibunched, bunched, and random light emission. 

Experimentally, the statistic distribution can be recorded based on the HBT effect which correlates the photon 

events (intensity) of the two photodetectors from a single photon stream split equally by a beam splitter. For 

instance, the coherent light from a laser often exhibits a random photon spacing (uncorrelated), and classical 

thermal emission is a typically correlated (bunched) light, whereas light from a single-photon source shows 

anti-correlation. In this thesis, we performed intensity correlation measurements to characterize the defect-

state electroluminescence of functionalized SWCNTs. 

3.3.1 Measurement setup description 

To perform second-order correlation function measurements, g2(τ) measurements, based on the HBT 

configuration, the SWCNT device was driven in a similar way to electroluminescence spectroscopy 

measurement in the optical cryostat at 77 K. The different part is that the collected emission light was coupled 

into a single-mode 50/50 fused fiber coupler (TW1300R5F1 or TW1550R5F1, Thorlabs) via a protected silver 

reflective collimator (RC08FC-P01, Thorlabs) mounted behind the objective (LCPLN20XIR, Olympus) and a 

spectral filter (Hard-Coated Bandpass/Longpass Filters, Thorlabs) with an optical density greater than 5 in the 

rejection region inserted when necessary. The light was further guided to two separate fiber-coupled 

superconducting single-photon detectors (TCOPRS-CCR-TW35, SCONTEL) which are connected each to the 

input channels of the time-correlated single photon counting system (PicoHarp 300, PicoQuant). The two low-

jitter (≤35 ps) superconducting single-photon detectors (SSPDs) were maintained at a base temperature of 

2 K, well below the superconducting critical temperature, and operated at a constant DC bias around 90 % of 

the critical current, such that a good compromise between high detection efficiency and low dark count rate 

(less than 100 cps) was achieved. The electrical signals generated from the SSPDs are amplified by low-noise 

high-frequency amplifiers (ZFL-1000LN+, Mini-Circuits) in negative polarity before reaching the input ports of 

the correlator. A schematic illustration of the experimental setup is shown Figure 3.3 including the motorized 

stage (8MTF, Standa) and the reflective collimator behind the objective for positioning and light collection, 

spectral filters, a 50/50 fused fiber coupler, and two single-photon detectors with the correlator in compliance 

with the HBT experiment. The maximum measured count rate was on the order of 10 MHz limited by the 

dead time of the correlator (~90 ns for PicoHarp 300). The SWCNT device was triggered to emit light with a 

count rate higher than 103 cps to accumulate sufficient event pairs. Coincidence histograms were analyzed 

and generated by the QuCoa software from PicoQuant in time-tagged (T2) mode or by the PicoHarp software 

in histogram mode with 8 or 12 ps bin sizes.  
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Figure 3.3: A schematic illustration of the HBT experimental setup The intensity correlation measurement of electrically 
driven defect-state light emission from functionalized SWCNTs is based on the Hanbury Brown and Twiss configuration. 
The emitted photons were coupled into a single-mode 50/50 fused fiber coupler via a reflective collimator, and used to 
trigger two independent superconducting single-photon detectors. Photon statistics were recorded by using the time-
correlated single photon counting (TCSPC) technique in the histogram or time-tagged (T2) mode. Each of the crucial 
components in the setup is noted in the figure. 

3.3.2 Setup alignment and data analysis 

Setup alignment is necessary to switch from electroluminescence measurement to intensity correlation 

measurement, where the emitted light needs to be guided into a fiber-based 50/50 beam splitter for a HBT 

experiment as shown in Figure 3.3. The reason lies in the fact that the photon detectors/counters are different 

in both experiments, namely, the xy lateral focus position to couple light into the single-mode fiber via a 

reflective collimator for intensity correlation measurement is different from dispersing light onto the InGaAs 
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photodiode for electroluminescence measurement. The focus position precision for the collimator coupling 

was also more demanding than the other. To accommodate the issue, during the device fabrication process, 

we patterned one extra graphene field-effect transistor in a bowtie structure that can act as a bright and 

stable incandescent light emitter[210] for light-coupling alignment, see Figure 3.4. For example, the coordinate 

of the focus position of the X-Y motorized stage configuration for EL measurement was set to be (0, 0), and 

we found the coordinate to be (64, -24) to couple light into the single-mode fused fiber via the reflective 

collimator. Since we know the relative positions between the graphene strip and other SWCNT devices while 

designing the structure, once we finish the alignment, we could simply shift from the graphene strip to any 

specific SWCNT device by controlling the motorized positioning stage in sub-μm precision. As a side note, the 

position difference for the two measurements will inevitably change if using a different objective. 

 

Figure 3.4: Incandescent light emission of graphene stripe for setup alignment (a) A scanning electron microscopy 
image of the graphene field-effect transistor patterned in a bowtie structure used as an incandescent emitter for 
alignment of the single-mode optical fiber. The scale bar is equal to 300 nm. (b) The incandescent emission spectrum 
from the graphene stripe device biased under a constant source-drain current of 10 μA at room temperature. The 
emission intensity drops significantly around 1600 nm due to the response wavelength range of the InGaAs photodiode. 

For the intensity correlation measurements of functionalized (7, 5) SWCNTs which will be discussed in 

Chapter 5, we mostly used the time-tagged (T2) mode of the time-correlated single photon counting (TCSPC) 

software to compile coincidence histograms out of the continuous stream of electric pulses generated by the 

two superconducting single-photon detectors. The T2 mode means that every single registered event contains 

a time stamp information of the arrival time concerning the start of the measurement in 4 ps time resolution. 

Both the input channels of the correlator work independently and are identical in terms of functionality. The 

generated coincidence histograms (selected bin size should be a multiple of 4 ps) are based on the start-stop 

method and the correlated start-stop events are formed out of the continuous stream of electrical pulses 

generated by the two superconducting single-photon detectors. The signal-to-noise ratio is enhanced when 
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using bidirectional start-stop events to compose the histograms. However, for this method, the system time 

delay, due for instance to fiber/cable and electronics delay, has to be taken into account and is critical to 

compensate for the time offset to not misinterpret results, as demonstrated below in Figure 3.5. 

 

Figure 3.5: Data processing of g2(τ) measurement for time offset adjustment Processing of the TCSPC software data 
(QuCoa, PicoQuant) for eliminating the time differences of the recorded start-stop event pairs from the two channels. 
The processing is demonstrated in (a) and (b) for the data shown in Figure 5.14 and Figure 5.15a,b, respectively. Each of 
the first two plots in (a) and (b) are histograms composed of one direction of start-stop events. The histograms comprised 
of the sum of the time offset-corrected bidirectional start-stop pairs were at last normalized, the bottom two plots. 

To fit the photon correlation measurement results, we normalized the collected coincidence histograms to 

the median value in the given time delay in the figures. The data were fitted according to the correlation 

function, describing a sum of two exponential decays, g2(τ) = 1 − c1e−γ1|τ−τ0| − c2e−γ2|τ−τ0| convoluted 

with the Gaussian distribution of time errors g(τ) = 1 √2πσ2⁄ e−τ2 2σ2⁄ , where σ=30 ps is the standard 

deviation of the jitter. From the convoluted function, a nonlinear least-squares fit based on the Levenberg-

Marquardt algorithm was performed in which the fit results included the error estimation in terms of standard 

deviations as in previous work[11]. Here we only fitted the antibunching dip region since the data quality was 

not optimum with the initial guess for the fit parameters of c1=0, c2=0.8, γ2=5 GHz, and τ0=0. In the nonlinear 

procedure, the iterations repeated until the fitting parameters stabilized up to the ninth significant digit.  
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4 Electroluminescence from Carbon Nanotubes with Quantum 
Defects 

 

This chapter includes content from a research article[19] that has been published by our group. Reprinted with 

permission from ACS Nano 2022, 16, 8, 11742–11754. Copyright © 2022 American Chemical Society. 

Individual single-walled carbon nanotubes (SWCNTs) with covalent sidewall sp3 quantum defects have 

emerged as a class of photon sources whose photoluminescence spectra can be tailored by the carbon 

nanotube (CNT) chirality and the attached functional group/molecule. Here we present electroluminescence 

spectroscopy data from single-tube devices based on (7, 5) SWCNTs, functionalized with dichlorobenzene 

molecules, and wired to graphene electrodes. We observe electrically generated, defect-induced emissions 

that are controllable by electrostatic gating and strongly red-shifted distinct from emissions of pristine 

nanotubes. The defect-induced emissions are assigned to excitonic and trionic carrier recombination by 

correlating electroluminescence excitation maps with electrical transport and photoluminescence data. At 

cryogenic conditions, additional gate-dependent emission lines appear which are assigned to phonon-assisted 

hot-exciton electroluminescence from quasi-levels. Similar results were obtained with functionalized (6, 5) 

nanotubes. Lastly, we also compare functionalized (7, 5) electroluminescence data with photoluminescence 

of pristine and functionalized (7, 5) nanotubes redox-doped using gold(III) chloride solution. This work shows 

that electroluminescence excitation is selective toward neutral defect-state configurations with the lowest 

transition energy, which in combination with gate-voltage control over neutral versus charged defect-state 

emission leads to high spectral purity. 

 

 

Figure 4.1: 3D model illustration of light emission from an electrically-biased graphene-contacted single-walled carbon 
nanotube with a quantum defect. 
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4.1 Introduction 

Photonic quantum technology has been widely explored in recent years aiming to improve the current 

limitations in quantum information processing, such as quantum computing[6] and quantum cryptography[5]. 

Single-photon sources are indispensable components of these technologies, and tremendous effort has been 

devoted to the integration of low-dimensional nanoscale solid-state sources[211,212] such as color centers in 

diamond[213], quantum dots[214], and single molecules[215]. However, realizing electrical excitation, room 

temperature operation, and stable emission in technologically relevant telecom bands (1.3 – 1.6 μm) of 

optical fiber-based quantum communications remains a formidable challenge for these emitters. 

Semiconducting SWCNTs, on the other hand, possess many desirable properties for photonic applications[7], 

especially structure-dependent, excitonic emission wavelengths, that can be tuned from 850 nm to 2 μm, and 

which can be triggered optically and electrically. Photon anti-bunching in photoluminescence[10], as well as 

electroluminescence[11], have been demonstrated. However, small luminescence quantum yields, mainly 

owing to the low-lying optically forbidden ‘dark’ exciton states[117] and undesired quenching sites[119], as well 

as the cryogenic temperatures required to achieve single-photon emission behavior still frustrate the 

development of CNTs as quantum-light sources. 

Recent progress has shown how the introduction of quantum dot-like (0 D) defects to the sidewalls of CNTs 

through low-level oxygen[15], alkyl[78,216], or covalent aryl sp3 functionalization[16,217] not only significantly 

enhance the photoluminescence emission efficiency (from <1 % up to 28 %)[16,76] but also redshift the 

photoluminescence emission wavelength deeper into the near-infrared regime. The sp3 defects, which trap 

mobile excitons in potentials of 100 – 300 meV depth, extend the single-photon emission characteristics of 

CNTs to room temperature[17,18] and may thereby facilitate their use in sensing and imaging applications[218]. 

From an applied research perspective, an on-chip source with electrical controllability is an important 

component of applications. Although extensive studies have focused on understanding the emission 

characteristics of functionalized SWCNTs, mostly through optical means, only a little has been reported 

regarding electrically driven luminescence. Xu et al. showed electroluminescence from a functionalized 

SWCNT film network via an impact excitation mechanism[190]. Zorn et al. demonstrated the interplay between 

charge transport and electroluminescence from functionalized SWCNT networks[189]. However, an 

electroluminescence study of functionalized SWCNT at the single tube level, which is crucial for quantum 

photonics, has so far not been reported. Also, despite the observation of electroluminescence from localized 

trions in previous works[190], a comprehensive understanding of the formation condition of trions and the 

interrelation between electrical transport and emission behavior is still missing. 

In this work, we fabricated dichlorobenzene-functionalized (7, 5) SWCNT field-effect transistors with 

graphene electrodes and demonstrated defect-induced excitonic and trionic electroluminescence through 
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carrier recombination at the single tube level. The spectral weight of defect-induced emission was tuned by 

electrostatic gating and further correlated with electrical transport measurements. At cryogenic temperature 

and under certain gating conditions, unexpected emission lines were observed which we could attribute to 

phonon-mediated hot-exciton electroluminescence. Finally, electroluminescence and photoluminescence 

from SWCNTs with and without functionalization were compared to help better understand the intrinsic and 

defect-related emission behavior. 

4.2 Electroluminescence of functionalized (7, 5) carbon nanotubes 

In this section, we starte with the introduction of the preparation of the light-emitting material of interest, 

functionalized (7, 5) SWCNTs, and the kind of device structure for SWCNTs integration. Then, we followe with 

studying the low-temperature (77 K) electroluminescent defect-state emission and assigning the origin of 

different emission peaks to the localized excitons or trions in the trap states of sp3 quantum defects. We 

substantiate the hypothesis by correlating the interplay between the defect-state emission and the 

gating/doping conditions derived from the simultaneous recorded electrical measurements. Later on, we 

compare electroluminescence measurements of functionalized (6, 5) SWCNT devices which exclude our 

observation to be chirality specific. Meanwhile, we notice unconventional satellite emission lines between 

the intrinsic and defect-state emission peaks at a very low temperature (4 K). Finally, at the end of the section, 

we propose a hot-exciton electroluminescent model to explain the low-temperature emission lines 

observation. 

4.2.1 Functionalized carbon nanotube and device fabrication  

Chirality‐enriched CNT suspensions were prepared from CoMoCAT SWCNTs by polyfluorene (PFO) polymer-

wrapping and dispersing in toluene, length sorted and purified by gel filtration chromatography[69]. The 

functionalization reaction was carried out by adding 3,5-dichlorophenyldiazonium tetrafluoroborate to the 

suspension and heating close to the boiling point of toluene for an hour in a dark environment. 

Photoluminescence measurements were performed directly following the functionalization process to 

confirm the successful formation of sp3 covalent defects by monitoring the defect-induced emission lines. For 

details, we refer to Experimental Methods in Section 3.1.1. Absorption spectra of the polymer-wrapped 

pristine and functionalized (7, 5) SWCNT suspensions with the prominent E11 and E22 optical excitonic 

transitions are shown in Figure 4.2a. From the integrated intensities of the E11 optical transition peak, we have 

determined a >99 % chiral purity with minor (6, 5) and (7, 6) impurities. 
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Figure 4.2: Optical properties of pristine and functionalized SWCNT suspensions (a) Absorption spectra of pristine and 
3,5-dichlorobenzene-functionalized polymer-wrapped (7, 5) SWCNTs dispersed in toluene. The corresponding 
photoluminescence spectra excited at E22 (1.89 eV) are shown in (b). Photoluminescence excitation (PLE) map of the 
suspension with pristine and functionalized (7, 5) are shown in (c) and (d), respectively. E11 emission and the red-shifted 
defect-state emission (E11* and E11*-) are labeled. The electroluminescence (EL) spectrum of a single-tube device, 
measured at 40 nA source-drain current and 4 V gate-voltage at 77 K, is overlaid in (b). The defect-state EL emission (E*) 
is at the similar emission energy as E11*- emission in the PL measurement. E*T is the trionic defect-state EL emission, as 
discussed in the text. The PL spectra were fitted with Voigt functions. All data except the electroluminescence spectrum 
was recorded at RT. 

After functionalization, the E11 and E22 peak absorbance has dropped to around 60 % partially due to dilution. 

Figure 4.2c,d show the corresponding photoluminescence excitation (PLE) maps of the pristine and 

functionalized (7, 5) nanotube suspensions. The E11 excitonic emission of the (7, 5) tubes occurs at 1.18 eV 

(1050 nm) under E22 excitation at 1.89 eV (657 nm). Impurity species become visible only for logarithmic 
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intensity scaling (Figure 4.3). The additional functionalization-induced emission bands (denoted here as E11* 

and E11*-) are visible in Figure 4.2b,d, similar to previous reports on aryl sp3-functionalized nanotubes, where 

E11* and E11*- are associated with the formation of sp3 quantum defects and exciton localization at deep 

traps[18]. Compared to the narrow intrinsic E11 emission from mobile excitons, the functionalization-induced 

emission emerges over a rather broad energy range, which has been attributed to spectral diversity in chiral 

nanotubes caused by multiple covalent binding configurations for an aryl group to the nanotube lattice[81,84]. 

 

Figure 4.3: Photoluminescence excitation maps in logarithmic intensity scaling Photoluminescence excitation maps of 
(a) pristine and (b) functionalized (7, 5) suspensions. Intensity plotted on log-scale. Pristine suspension shows (7, 5) as 
the majority with visible minor impurities of (6, 5) (1.24 eV @ 2.15 eV excitation) and (7, 6) (1.09 eV @ 1.89 eV excitation) 
chiralities. The RBM (1.14 eV) and K-momentum dark exciton (1.05 eV) phonon sidebands of (7, 5)[72] are also observed 
in (a). E11 emission and the red-shifted defect-state emission (E11* and E11*-) are indicated. 

From a diluted suspension, individual functionalized (7, 5) nanotubes - on average 500 nm long (Figure 4.4a) 

- were deposited onto source-drain graphene electrodes with a 100 nm gap via DC dielectrophoresis[208]. The 

deposition conditions were adjusted to obtain single-tube devices (Figure 4.4c-e). The devices were 

electrically wire bonded, in a field-effect transistor configuration using the p-Si as a global back-gate, and 

mounted into the optical cryostat of our near-infrared optical microscopy and spectroscopy setup. The 

cryostat was evacuated to 10-7 mbar and the samples were vacuum annealed and subsequently cooled down 

to 77 K or 4 K to suppress gate voltage hysteresis. The devices were biased in constant current mode to obtain 

stable light emission and bias-independent electrostatic doping of the nanotube channel via the gate 

voltage[70]. The light emitted from the SWCNT devices was dispersed via an imaging spectrograph grating onto 

a linear InGaAs photodiode array with a wavelength range from 950 to 1610 nm. All spectra were calibrated 

by the relative spectral sensitivity of the setup[70]. 
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Figure 4.4: Length distribution of SWCNT suspension and images with single-tube devices (a) The average nanotube 
length is around 500 nm. The data was extracted from SEM image data analysis of 295 individually resolved tubes. The 
sample was prepared by using the same SWCNT suspension as the devices used for electroluminescence measurement. 
The Gamma distribution was fitted to the histogram. (b) A representative scanning electron microscopy image of a single-
tube device with palladium (Pd) source-drain electrodes. Scale bar equals 200 nm. (c-e) Optical and scanning electron 
microscopy images of a single-tube device with graphene electrodes, taken after electroluminescence characterization. 
Scale bar equals (b) 5 μm, (c) 1 μm, and (d) 100 nm. 

4.2.2 Electroluminescence from functionalized (7, 5) 

Figure 4.5a,b show electroluminescence excitation maps of electroluminescence (EL) spectral intensity versus 

gate voltage from a representative functionalized (7, 5) device, measured at 10 and 40 nA source-drain 

current and 77 K. Spectra were recorded in 42 subsequent steps of gate-voltage sweeping with an integration 

time of 10 s for each spectrum at a given constant current bias. The corresponding source-drain voltage was 
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simultaneously recorded to monitor the doping level of the nanotube channel. The EL maps show that the 

electroluminescence spectral weight is entirely red-shifted from the intrinsic E11 emission at 1.18 eV 

(1050 nm) to new emission lines at 0.95 eV (1305 nm) and 0.84 eV (1476 nm) marked as E* and E*T, and that 

these lines can be switched ON and OFF with the back-gate voltage. We emphasize that the red-shifts of 

230 meV and 340 meV are so large that we can rule out a contribution of the (7, 5) intrinsic trionic emission, 

which we have measured previously with pristine (7, 5) and which appears red-shifted by 160 meV at 1.02 eV 

(1215 nm)[70]. An example spectrum with the trionic emission of a pristine single-tube (7, 5) device is also 

presented later in Figure 4.18c. 

 

Figure 4.5: Electroluminescence excitation maps Electroluminescence (EL) spectral intensity versus gate voltage of a 
functionalized (7, 5) device measured at (a) 10 nA and (b) 40 nA source-drain current and 77 K. Excitonic and trionic 
defect-state emissions are indicated as E* and E*T, respectively. 

When comparing the positions of the E* and E*T with the photoluminescence spectrum of functionalized 

(7, 5) nanotubes (Figure 4.2b), we find that the electroluminescent emission occurs in the broad region of 

functionalization-induced photoluminescent emissions that have been assigned previously to the E11*- (or 

E11**) defect-state emissions of aryl-functionalized nanotubes[81,83,84,219], and to the corresponding defect-

state trion[220]. Therefore, the two new emission lines must be defect-induced. To understand the nature of 

the two distinctive defect lines it is instructive to realize that the emission at ~0.95 eV (E*) is predominant in 

the gate-voltage range of 2 to -3 V, whereas the emission at ~0.84 eV (E*T) is predominant from 0 to 6 V, for 

all current biasing conditions. This gate-induced switching of emission lines is similar to the previously studied 

gate-induced switching between excitonic and trionic emission from pristine SWCNTs[70]. In analogy, we assign 

the two defect-induced lines to an excitonic defect-state emission (E*) and the corresponding trionic defect-

state emission (E*T). This assignment will become further substantiated when correlating the 

electroluminescence spectra with electrical transport data. 
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Figure 4.6: Integrated defect-state emission intensity maps (a) Integrated excitonic and (b) trionic defect-state emission 
intensity versus source-drain current and gate-voltage (excitonic range: 1260 – 1360 nm; trionic range: 1420 – 1520 nm). 
The efficiency of (c) excitonic defect-state emission and (d) trionic defect-state emission is given in count rate / electrical 
power. Regions of electron (n) and hole (p) conduction are labeled. The excitonic defect-state emission appears near the 
charge neutrality region, whereas the trionic defect-state emission is dominant in the p-region. Data recorded at 77 K. 

To determine under which biasing and gating conditions defect-mediated excitons and trions would form and 

radiatively recombine we have integrated the intensities associated with the excitonic defect-state emission 

(1260 – 1360 nm) and the trionic defect-state emission (1420 – 1520 nm) over the wavelength and plotted 

against source-drain current and gate voltage in Figure 4.6a,b. The integrated electroluminescence excitation 

maps reveal distinctive regions in which trapped excitons and trions are formed and emit light. From the 

corresponding source-drain voltage map (Figure 4.7a), we identify the gate voltage regions where the 

nanotube channel is p doped, n doped, and charge neutral[70]. These regions are indicated in Figure 4.6 and 
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are used to correlate light emission with charge transport. Figure 4.6a shows that the excitonic defect-state 

emission is dominant in the gate-voltage range of 2 V, where charge neutrality is met (between p-region and 

n-region). Such an intensity maximum at charge neutrality is a unique signature of exciton formation via 

carrier recombination and excludes unipolar impact excitation[159,160,166]. 

 

Figure 4.7: Contour maps of source-drain voltage and electrical power dissipation Contour maps of (a) Source-drain 
voltage and (b) electrical power dissipation versus source-drain current and gate-voltage of a functionalized (7, 5) device 
at 77 K.The p-doped, n-doped, and charge-neutral regions (between p- and n-doped) are indicated. 

Likewise, trionic defect-state emission occurs in a limited gate voltage range, where electrons and holes are 

injected but the channel is significantly doped[70]. In Figure 4.6b the positive trion appears in the p region at 

gate voltages below -2 V. The appearance of the negative trion is shown later. To identify conditions with 

enhanced efficiency of defect-state emission we have normalized the electroluminescence excitation maps 

with the corresponding electrical power dissipation map (Figure 4.7b) and created in Figure 4.6c,d maps of 

emission efficiency for the defect-state emissions. The excitonic and trionic emission efficiencies are 

maximized at low current bias, where the gate-voltage range for the formation of excitons and trions is 

narrow. 

4.2.3 Influence of gating and doping  

So far we have described the general behavior of defect-induced emission on the biasing conditions. Upon 

closer inspection, one finds that the spectral evolution as a function of gate voltage is more complex, as is 

shown for two sets of data in Figure 4.8a,b.  
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Figure 4.8: Gate-voltage dependence of EL spectra  Gate-voltage dependence of EL spectra of functionalized (7, 5) 
devices with different unintentional doping. In (a) channel is undoped at zero gate voltage, and in (b) channel is hole-
doped. Excitonic and trionic defect-state peaks labeled as E* and E*T. The spectra were fitted with Voigt functions. The 
PL spectrum of the suspension is shown for comparison and plotted on logscale. Data recorded at 77 K. 

We observe that the E* and E*T emission lines consist of more than one peak and are often split into pairs of 

peaks that could be fitted with Voigt profiles (details in Figure 4.9). In addition to the overall gate dependence 

discussed above, we observe that the relative intensity of the components varies with the gate voltage, 

whereas the peak positions within one set of data remain constant. The energy scale of the peak splitting is 

about 18 meV and much smaller than the around 110 meV energy difference between E* and E*T. The nature 

of the peak splitting could be caused by two different defect sites on the same tube with the same binding 

configuration but existing in different local chemical/dielectric environments[81].  
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Figure 4.9: Peak positions and linewidths from functionalized (7, 5) EL spectra Peak positions (a,b) and linewidths (c,d) 
versus gate-voltage from the fitting of the electroluminescence spectra of the data sets shown in Figure 4.8 (20 nA and 
40 nA data set measured at 77 K) to Voigt profiles. 

The energy difference between the defect-exciton E* and the defect-trion E*T is similar to recent chemical 

doping studies with defective nanotubes[220]. Apart from general reproducibility, the data in Figure 4.8a and 

Figure 4.8b are not identical. For example, an additional peak appears below the energy of the E*T for positive 

gate voltages, and an additional set of data (Figure 4.10) shows E*T absent while the splitting of E* is observed. 

Some of the differences are due to unintentional doping of the nanotube channel, for instance by charge 

trapping in the substrate. 
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Figure 4.10: Additional EL data of functionalized (7, 5) SWCNTs  Three additional data sets of functionalized (7, 5) 
electroluminescence spectra from different devices (a-c) and the respective transport data (g-i) measured at 77 K. 
Electroluminescence spectra were fitted with Voigt functions, and the positions of the resolved peaks are shown in (d-
f). Defect-induced excitonic emission E* and trionic emission E*T are labeled. E* is plotted in blue and violet if the peak 
position is similar in energy to the photoluminescence defect peaks PL-E11* and PL-E11*-, respectively. In (b) the trion 
E11,T becomes visible at 1.02 eV which is at similar energy as the PL-E11*. 

Doping can be detected from the transport data in Figure 4.11a,b, where the source-drain voltage is plotted 

versus the gate voltage at constant current. The nanotube channel is charge neutral when the source-drain 

voltage is at maximum, which is reached in Figure 4.11a,c at zero gate voltage. In contrast, in Figure 4.11b,d 

the maximum source-drain voltage and charge-neutrality are reached at +6 V. At zero gate voltage the 
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nanotube channel is p doped. The excitonic defect-state emission reflects this difference in residual doping 

since E* becomes predominant at the respective gate voltages where the nanotube channel is charge neutral. 

The trionic defect state emission is sensitive to doping in the same manner. E*T intensifies when the channel 

hosts excess charges that are required for the trion formation. This mutual dependence between E* and E*T 

and the gate voltage at charge neutrality is better captured in Figure 4.11c,d, where the relative spectral 

weight of the integrated excitonic and trionic defect-state emission intensity is plotted versus the gate 

voltage. The same behavior is observed in more sets of data (Figure 4.10). 

 

Figure 4.11: Correlation between gate-voltage dependent emission and transport data (a,b) Simultaneously recorded 
gate-dependent transport data. Maximum source-drain voltage corresponds to charge-neutrality/off-state and is 
reached in (a) at zero gate voltage and in (b) at 6 V gate. (c,d) Relative spectral weight of excitonic and trionic defect-
state emission from the integrated intensity of E* and E*T lines in Figure 4.8. Data recorded at 77 K. 

4.2.4 Comparative electroluminescence data from functionalized (6, 5) 

The observations that we made are not unique to the (7, 5) nanotube chirality, the type of polymer, or 

electrode material. Similar measurements were performed on 3,5-dichlorobenzene-functionalized, PFO-BPy 

wrapped (6, 5) nanotubes wired to Pd source-drain electrodes. Device fabrication details see Section 3.1, and 

an representative scanning electron microscopy image of a single-tube device is shown in Figure 4.4b. We 

observe excitonic and trionic defect-state emissions from functionalized (6, 5) that are similar to the 

functionalized (7, 5) SWCNTs, with chirality-related shifts of peak positions. In Figure 4.12a we see that the 

E* and E*T peaks, highlighted in blue and red, respectively, respond to the gate-voltage in the same way. Also, 
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a splitting of the E* and E*T lines is visible. As before, we added the photoluminescence data from the 

corresponding dispersion in logarithmic scaling. For the functionalized (6, 5) SWCNTs we also see that the 

electroluminescent excitonic defect-emission lines fall into the broad region of functionalization induced 

photoluminescence (more data in Figure 4.12).  

 

Figure 4.12: Electroluminescence data of functionalized (6, 5) SWCNTs at 4 K (a) EL spectra of functionalized (6, 5) 
measured at 4 K over a wide gate voltage range. Intrinsic E11 emission and additional starred peaks become visible at 
charge neutrality. Excitonic and trionic defect-state peaks are labeled as E* and E*T. The spectra were fitted with 
Lorenzian functions. Intensity scaled by factor 5 above 1.05 eV for clarity and PL spectrum of suspension added in 
logscale. (b) The transport data where the maximum source-drain voltage corresponds to charge-neutrality/off-state. 
Data recorded at 4 K. (c) Relative spectral weight of excitonic and trionic defect-state emission from integrated E* and 
E*T lines. 

The data shown in Figure 4.12a was recorded at 4 K and interestingly, the intrinsic E11 emission is visible in 

addition to the defect-state emission. The E11 emission becomes weaker with increasing temperature (Figure 

4.13a) and disappears above 60 K (Figure 4.13b). We have introduced in Figure 4.12a and Figure 4.13a an x-

axis break (0.01 eV), and rescaled the y-axis in the energy range >1.05 eV to allow a clearer distinction of 

peaks of different peaks. We believe that the localization of excitons at very low temperatures by shallow 

traps plays a role[192,221]. Shallow traps, e.g. induced by interaction with the polymer or substrate surface, do 

not lead to a significant change of the emission wavelength but can give rise to single-photon emission[10,11]. 
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Such a trapping of mobile E11 excitons by shallow traps makes the probability of reaching a deep defect 

induced trap less likely and the shift of spectral weight from E11 to the defect state emission is reduced. Vice 

versa, with rising temperature the de-trapping from shallow traps increases[10], and the probability for mobile 

excitons to get trapped by the defect deep trap becomes large, provided the nanotube length is comparable 

or shorter than the exciton diffusion length[222], as is the case in this work. We observe the localization of E11 

excitons also with functionalized (7, 5) nanotubes and show in Figure 4.14b a measurement at 4 K, where the 

intrinsic E11 emission is visible together with the defect-state emissions. We have one set of functionalized 

(7, 5) data where we observe the E11 emission also at 77 K (Figure 4.10), which we attribute either to the 

presence of a deeper shallow trap or to a second tube without a defect. 

 

Figure 4.13: Temperature-dependent EL spectra of functionalized (6, 5) SWCNTs (a) Temperature dependence of EL 
spectra from functionalized (6, 5) nanotubes. Excitonic and trionic defect-state peaks are labeled as E* and E*T. The 
spectra were fitted with Lorenzian functions. Intensity scaled by factor 5 above 1.05 eV for clarity and PL spectrum of 
suspension added in logscale. (b) Complete temperature-dependence of the electroluminescence of functionalized (6, 5) 
device. 

4.2.5 Emission lines at very low-temperature 

We now discuss the appearance of a series of new peaks between the E11 and the defect emission lines, seen 

in Figure 4.14. The peaks (marked with stars) become only visible at very low temperatures when the intensity 

of the E11 emission is comparable to the defect emission. This is shown in Figure 4.14a for functionalized (6, 5) 
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SWCNTs, and a similar case is presented in Figure 4.14b for functionalized (7, 5) SWCNTs. Figure 4.13 shows 

that the starred peaks are temperature-dependent, and disappear simultaneously with the E11 emission 

between 40 and 60 K. In addition, we see in Figure 4.12a that complete suppression of the starred peaks can 

be induced by applying large gate voltages. Also, in this case, the correlation with the E11 intensity is visible 

and we conclude that the starred peaks are associated with the formation of weakly localized E11 excitons in 

proximity to a defect. We note that functionalization is essential since we do not observe the starred peaks 

on pristine nanotubes[70]. 

 

Figure 4.14: Additional emission lines at very low-temperature (a) Enlarged view on functionalized (6, 5) spectrum at 
zero gate-voltage from Figure 4.12a. Multi-peak fitting with Lorentzian. (b) EL spectrum of functionalized (7, 5) device 
recorded at 4 K. Excitonic and trionic defect-state peaks are labeled as E* and E*T. 

Of the 15 devices that we examined, all devices showed defect-state emission, and for 5 devices we were able 

to find a gate voltage range at 4 K where the additional peaks appear. For the data in Figure 4.14, we have 

fitted the new peaks to Lorentzian functions and analyzed the spacing in energy between neighboring peaks 

(see Figure 4.15). We find that the energy spacing is approximately equidistant and the average spacing in 

energy is 34.98.0 meV and 31.29.9 meV for functionalized (6, 5) and (7, 5) nanotubes, respectively, which 

is close to the radial breathing mode (RBM) energies of the (6, 5) and (7, 5) nanotubes, 38 meV and 35 meV, 

respectively[71,223–226]. Therefore, and because of the correlation of the peaks with the E11 intensity, we assume 

that the series of peaks is related to a coupling between the E11 exciton and RBM phonons. 
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Figure 4.15: Energy spacing of starred peaks The energy difference between the neighboring starred peaks shown in 
Figure 4.14. The peak positions were extracted via the Lorentzian function fitting.  

4.2.6 Hot-exciton electroluminescence 

In CNTs, distinct phonon sidebands have been described by Lefebvre et al[227]., who assigned peaks appearing 

below 20 K to replicas of low-energy squashing modes of the nanotube. The energy spacing was 2 – 3 meV. 

Low energy wings, often observed in CNT photoluminescence are typically several meV wide and have been 

assigned to coupling to low energy phonons of nanotubes[228], while spectral gaps in the low-energy wing 

were attributed to phonon confinement[229,230]. Recently, Nutz et al. assigned multiple peaks in the low-energy 

photoluminescence wing of PFO decorated nanotubes to phonon replicas of the vibrational modes of the PFO 

monomer[231]. These modes have a characteristic energy scale of ~2 meV. In our experiment, the energy 

spacing is much larger. We have performed density functional theory (DFT) calculations of the 3,5-

dichlorobenzene molecule covalently bound to a graphene flake and performed a normal mode frequency 

analysis[232]. In the relevant energy range we found normal mode frequencies around 48 meV, which lead to 

a deformation of the local graphene lattice that is absent in simulations without the molecule (Figure 4.16). 

Given that our DFT calculations are only an approximation to the problem we cannot rule out that vibrational 

modes of the functional group might also play a role, but the energy spacing of the peaks fits much better to 

the RBM energies. 
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Figure 4.16: Simulation of normal mode frequencies of 3,5-dichlorophenyl-graphene(19) Normal mode frequencies 
specific for 3,5-dichlorophenyl bonded to a graphene(19) flake. The optimized structures for simulation with a 3,5-
dichlorophenyl (a) anion, (b) in presence of adjacent hydrogen, and (c) radical. (d) The vibrational spectra for the three 
simulations with the 3,5-dichlorophenyl and for the bare flake. (e) The snapshots correspond to the most intense 
vibrations that are absent for a graphene flake without molecule, and show the motion of the molecule and the local 
deformation of the graphene lattice. 
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The question arises why the starred peaks only appear when the E11 exciton becomes weakly localized by a 

shallow trap in the vicinity of a defect-induced deep trap. The explanation that we consider is presented in 

Figure 4.17a. It depicts the conversion of a weakly trapped E11 exciton into a deeply trapped E* exciton via 

the emission of multiple optical phonons.  

 

Figure 4.17: Hot-exciton electroluminescence via phonon-mediated relaxation (a) Schematic depiction of hot-exciton 
injection from a shallow trap into a deep trap and the subsequent energy relaxation by optical phonon emission. The 
transition energies for the shallow trap (E11), the deep trap (E*), and from the hot-exciton quasi-levels (E*1,..,*N) are 
indicated. (b) Simplified model of exciton kinetic energy relaxation. The parabolic curves describe the energy E versus 
momentum K dispersions of the E* defect exciton and of the E11 exciton, which is converted into a hot exciton at the 
defect (right-headed dashed arrow). The full arrows show the optical (ħωop) and acoustic (ħωac) phonon relaxation 
processes. The left-headed dashed arrows indicate the momentum scattering that is required for radiative 
recombination via the photon dispersion (dotted line). The left part in (b) shows the exciton distribution on energy with 
the hot-exciton quasi-levels *1,*2,..,*N. 

This process can be seen in analogy to the phonon-mediated relaxation of hot excitons in optically excited II-

VI semiconductors[233–236]. The mechanism that leads to multiple emission lines, located energetically below 

the hot-exciton quasi-level, has been described in great detail by Permogorov[237]. It requires that the exciton 

lifetime is short compared to the thermalization processes and that the optical-phonon relaxation rate is 

larger than the rates of acoustic-phonon relaxation, non-radiative decay, and radiative decay. The generation 

of hot excitons by excitation with monochromatic light of energy hν can then lead to the formation of exciton 

quasi-levels of energy 𝐸𝑛 = ℎ𝑣 − 𝑛ħ𝜔op (n is an integer). In our case, shown in Figure 4.17b, hot excitons are 

formed from the electrically-generated E11 excitons in the vicinity of the defect by phonon/defect scattering. 

In this picture, hot-exciton quasi-levels will then form at energies 𝐸𝑛 = 𝐸11 − 𝑛ħ𝜔op , and ħ𝜔op  would 

correspond to the RBM energy. The population of these levels can be calculated with balance equations. 

Under stationary conditions, the populations 𝑃N and 𝑃N-1, of the levels N and N-1, can be derived from[237] 

d𝑃N d𝑡⁄ = 𝐴 − 𝑃N ∙ (𝑊nrad + 𝑊op) = 0, 
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d𝑃N-1 d𝑡⁄ = 𝑃N ∙ 𝑊op − 𝑃N-1 ∙ (𝑊nrad + 𝑊op) = 0, 

with 𝐴, the hot-exciton generation rate, 𝑊nrad, the non-radiative decay rate, and Wop, the rate for relaxation 

with optical phonon emission. The populations of 𝑃N and 𝑃N-1 are then given by 

𝑃N = 𝐴 (𝑊nrad + 𝑊op)⁄ , 

𝑃N-1 = 𝑃N ∙ 𝑊op (𝑊nrad + 𝑊op)⁄ . 

With the assumption that 𝑊op ≫ 𝑊nrad it follows that 𝑃N ≈ 𝑃N-1 Similar results can be obtained for the other 

hot exciton quasi-levels and the population of these levels would approximately be the same. For the radiative 

recombination from the quasi-levels, a scattering process is required that accounts also for the momentum 

mismatch (as indicated in Figure 4.17b). This could be satisfied by the optical phonon scattering itself, 

provided the phonon dispersion bandwidth is small. We note that the RBM bandwidth is found to scale 

inversely with the unit cell size[238], and for the chiral (6, 5) and (7, 5) nanotubes with large unit cells, the RBM 

bandwidth is expected to be small. In the case of the (6, 5) nanotube, the RBM frequency, calculated within a 

tight-binding model, shows only a slight variation of about 1 % throughout the Brillouin zone of the 

nanotube[239], and therefore the RBM bandwidth is small enough to consider the RBM frequency as a constant. 

To identify the piece of the RBM branch, relevant to the relaxation processes, we use the E11 exciton mass, 

derived within a tight-binding model, and find that the exciton states in the energy range from E* to E11 (Figure 

4.17b) have wavevectors in the first Brillouin zone. The selection rules for exciton-phonon scattering then 

limit the wavevectors of the scattering phonons of the RBM branch to the latter zone too, where the RBM 

frequency is approximately constant. This result is in excellent agreement with the measured almost 

equidistant starred peaks for this nanotube. Similar arguments can be provided for the (7, 5) nanotube as 

well. 

The above scenario nicely explains our observation that the starred peaks are approximately equidistant, have 

similar intensities, and are seen only for nanotubes with defects. The quenching of the emission intensity with 

increasing temperature is expected for the hot-exciton luminescence model because of the decreasing hot 

exciton lifetime due to an increasing nonradiative decay probability at elevated temperatures. We exclude 

that the starred peaks are due to electron-phonon-coupling induced side-band phonon-replicas because even 

a very large Huang-Rhys parameter could not explain the intensity distribution[240]. We, therefore, conclude, 

that the new peaks can be assigned to hot-exciton quasi-levels and can be considered as a signature of hot-

exciton (electro)luminescence. We note that multi-phonon Raman scattering, which can be triggered by 

optical excitation[237,241], can be excluded in our experiment due to the electrical excitation. Besides, the 

approximately equal population of the quasi-levels and the temperature dependence would not fit a Raman 

process[237]. 
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4.3 Photoluminescence from chemically doped nanotubes 

In this last section, we discuss the assignment of the electroluminescence (EL) defect peaks E* to the 

photoluminescence (PL) defect peak E*-. Since we observe in the EL experiment a massive influence of the 

electrostatic gating on the appearance and intensity of the defect peaks, we performed redox doping of 

pristine and functionalized (7, 5) dispersions with AuCl3. Figure 4.18a shows the PL result for the pristine (7, 5) 

nanotube dispersion. As expected, the E11 exciton becomes weaker with hole-doping, and the corresponding 

trion E11,T increases in intensity and eventually becomes dominant. The doping dependence agrees very well 

with the EL data from pristine (7, 5) devices (individual nanotubes at 77 K), shown in Figure 4.18c. The E11 and 

E11,T transitions are sharper for the low-temperature EL data, but the peak positions are identical and the 

evolution of the peak intensities with doping shows the equivalence of electrostatic gating and chemical 

doping. Also, a blue-shift of E11 due to exciton confinement at large doping levels is observed in PL and EL and 

reproduces previous PL data of redox-doped (6, 5)[242,243]. No blue-shift is observed for the E11,T trion. 
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Figure 4.18: Electroluminescence of electrostatic gating and photoluminescence of redox doping Comparison of 
photoluminescence (PL) spectra of redox-doped (a) pristine (7, 5) and (b) functionalized (7, 5) suspensions with 
electroluminescence (EL) spectra of gate-voltage controlled (c) pristine (7, 5) and (e) functionalized (7, 5) single-tube 
devices. The AuCl3 concentration in (a) and (b) increases from top to bottom. Intensity scaling factors are given. Excitonic 
E11 and trionic E11,T emissions are labeled. (b) The defect-state emissions E11* and E11*- are observed for the functionalized 
(7, 5) at zero doping. Data recorded at RT and under excitation at 1.91 eV/650 nm. (c) EL spectra of pristine (7, 5) single-
tube devices measured at 77 K. The peak positions of the gate-voltage controlled excitonic E11 and trionic E11,T emissions 
are marked by dashed lines in the PL spectra. (d) EL defect-state emission E* with high spectral purity under optimum 
source-drain current (3 nA) and gate-voltage (6 Vg) conditions at 77 K. (e) EL spectra of functionalized (7, 5) single-tube 
device recorded at 40 nA source-drain current and 77 K. All spectra were fitted with Voigt functions. 

Figure 4.18b shows the analogous PL doping study for the functionalized (7, 5) nanotube dispersion. The 

difference to Figure 4.2b is due to reabsorption effects in optically dense dispersions[244,245], as discussed in 

Figure 4.19. Overall, the spectra are very similar to the pristine nanotube data, in particular regarding the 

doping dependence of E11 and E11,T. The major difference to Figure 4.18a is visible at zero doping, where 

additional defect-state PL peaks E11* (blue curve) and E11*- (green curve) appear. Interestingly, the position of 

E11* matches well to E11,T at a higher doping level, which makes it difficult to determine whether E11* in this 

data is a signature of a deep exciton trap, or due to trion formation because of functionalization with a 

charged species. The literature often discusses neutral aryl defects[81,84], however evidence for the existence 

of radical aryl defects giving rise to E11* has also been given[246,247]. It has also been shown that the defect 

formation is influenced by the condition under which functionalization takes place[83]. A further discussion 

about the binding configuration and charging state would go beyond the scope of this work. 

 

Figure 4.19: PL spectra of (7, 5) SWCNT suspensions with different optical densities Effect of optical density (OD) on 
the PL spectra of functionalized (a) and pristine (b) SWCNT suspensions. All spectra are normalized to the E11 emission 
peak and the given ODs were measured at E11. The green curves show the spectra of the as-prepared dispersions which 
have a large optical density (OD>>1). For the titration experiments, these dispersions were diluted to OD=0.2 and the 
spectra after dilution are shown in orange. These orange spectra are identical to the chemically undoped spectra shown 
in Figure 4.18a,b. The difference in peak appearance between the orange and green curves is due to the photon 
reabsorption effect[244,245]. The spectra shown in Figure 4.2b have similar OD to the green spectra shown here. 
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If we compare the PL doping study of functionalized (7, 5) with the corresponding EL data in Figure 4.18e and 

previous figures we notice that the electroluminescent defect-exciton emission E* occurs in nearly all of our 

EL data at a wavelength that is close to the E11*- PL emission, which is distinctively of the PL emissions E11* 

and E11,T (see Figure 4.2b). It seems that by electrical excitation the lowest energy state is populated although 

it is known from PL that defects of different binding configurations can exist on the same tube. This is an 

important observation in view of chemical attempts to yield tubes in which defect-state emission originates 

from only a single type of bonding configuration[83,84,87,248,249]. Beyond such efforts at chemical control, EL may 

give additional control as it not only seems to naturally access the lowest energy defect configuration but also 

provides gate control over accessing emission from neutral versus charged defect states. As a result, defect-

state electroluminescence spectra with high spectral purity can be obtained under optimized operating 

conditions (see Figure 4.18d). 

4.4 Summary 

We have shown that electroluminescence excitation of single-tube devices with covalent defects triggers 

emission from neutral defect-state configurations with the lowest transition energy. The intrinsic excitonic 

and trionic emissions are thereby completely suppressed. With gate-voltage, the emission can be switched 

from neutral to charged defect-state-emission (defect trion). As a result, a high spectral purity was reached, 

which is important for the development of on-chip quantum sources based on functionalized carbon 

nanotubes. At cryogenic temperatures and under specific bias conditions, the intrinsic excitonic emission 

becomes visible, and new, nearly-equidistant, emission lines appear between the intrinsic and defect 

emissions. Based on the energetic spacing of the lines, simulations of vibrational modes of the functional 

group, and correlation with transport measurements, we have assigned these new lines to RBM-phonon 

mediated hot-exciton electroluminescence. We provide a model for the electrical hot-exciton generation and 

emission from quasi-levels, analogous to hot-exciton generation in II-VI semiconductors. Finally, we have 

compared the electroluminescence data with photoluminescence spectra from chemically doped pristine and 

functionalized nanotubes. For the pristine nanotubes, we find an excellent agreement between EL and PL, 

and the assignment of the excitonic (E11) and trionic (E11,T) emissions are consistent. Regarding the 

functionalized nanotubes, the neutral defect emission (E*) observed in EL does fit to the E11*- band in the PL 

spectrum, however, this band also appears in the chemical-doping study of the pristine nanotubes. Moreover, 

the charged defect emission, seen in EL under electrostatic gating (E*T), has no equivalent peak in the PL of 

doped functionalized nanotubes. Fortunately, the electroluminescence spectra from gate-controlled single-

tube devices under vacuum and at low-temperature in correlation with the charge transport characteristics 

is conclusive in itself.  
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5 Photon Correlation Measurements for Carbon Nanotubes with 
Quantum Defects 

 

This chapter includes content from a research article[20] that has been published by our group. Reprinted with 

permission from ACS Nano 2024, 18, 13, 9525–9534. Copyright © 2024 American Chemical Society. 

Single-photon sources are one of the essential building blocks for the development of photonic quantum 

technology. Regarding potential practical application, an on-demand electrically driven quantum-light emitter 

on a chip is notably crucial for integrating photonic integrated circuits. Here, we propose functionalized single-

walled carbon nanotube (SWCNT) field-effect transistors as a promising solid-state quantum-light source by 

demonstrating photon antibunching behavior via electrical excitation. The sp3 quantum defects are formed 

on the surface of (7, 5) SWCNTs by 3,5-dichlorophenyl functionalization, and individual SWCNTs are wired to 

graphene electrode pairs. Filtered electroluminescent defect-state emission at 77 K is coupled into a Hanbury 

Brown and Twiss (HBT) experiment setup, and single-photon emission is observed by performing second-

order correlation function measurements. We discuss the dependence of the intensity correlation 

measurement on electrical power and emission wavelength highlighting the challenges of performing such 

measurements while simultaneously analyzing acquired data. Our results indicate a route toward room-

temperature electrically-triggered single-photon emission. Apart from single-photon sources, single-photon 

detectors are another key component for quantum photonic integrated circuits, for instance, in 2001, Knill et 

al. demonstrated the possibility of establishing linear optical quantum computing by using beam splitters, 

phase shifters, single-photon sources, and single-photon detectors[6]. Besides, single-photon detectors are 

one of the essential elements in the HBT experiment which has been widely used in this chapter. Therefore, 

proper understanding and characterization of the single-photon detectors would be necessary. In the 

following chapter, we start with a general introduction to single-photon detectors (SPDs) and focus on the 

performance metric of one of the promising types, superconducting single-photon detectors (SSPDs), which 

will be used throughout this work. Following this, we characterize the SSPDs individually and the overall 

correlation measurement setup to figure out important experimental parameters and performance 

limitations. Finally, we continue the discussion on the low-temperature correlation measurement of SWCNT 

field-effect transistors with sp3 quantum defects as the core of this chapter. 
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Figure 5.1: 3D model illustration of single-photon emission from an electrically-biased quantum defect in graphene-
contacted single-walled carbon nanotube device arrays. 

5.1 Introduction 

With the increased demand for data transmission and information processing, technology based on optics 

has played an increasingly important role. For instance, since the demonstration of optical fibers as a 

technologically feasible platform for telecommunication, optical networks have replaced a large proportion 

of electrical communication media[1]. The emergence of photonics integrated circuits has also led to the 

realization of multifunctional devices by combining individual photonic components on a chip[2]. However, 

the challenges of developing suitable on-demand light sources that are at the same time compatible with on-

chip integration hinder the progress. Meanwhile, in the context of quantum technologies, photons have been 

demonstrated as a system for quantum information processing protocols[4,6] owing to their high-speed 

transmission and low-noise nature[3]. Despite the rapid advancement of electrically driven quantum-light 

sources in various material systems including quantum dots[250,251], atomic defects in diamond[252,253], and 2D 

materials[254,255], the deployment of solid-state quantum emitters on chips with compatibility for hybrid 

systems and potential scalability remains elusive as of yet. 

SWCNTs are among the most promising systems for realizing on-chip quantum emitters[7,8]. Their versatile 

light emission in the near-infrared, including the telecom band depending on the chiral index[111] and 

excitation modes[161,166], facilitates the integration with optical fiber communication. Besides, compatibility 

with various photonics platforms[91,199,256,257] has been studied, and demonstrations of overcoming scalability 

challenges have also been reported[258–260]. Indeed, SWCNTs as quantum-light sources have been 

demonstrated via both optical[196] and electrical[11] excitation. However, their lack of exciton localization sites 

unless at very low temperatures[11], which is the essence of nonclassical light emission, makes practical 

implementation unrealistic. This demand can be addressed by forming sp3 quantum defects (0D) at the 
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sidewall of SWCNTs through mild oxidation[15,77] or covalent alkyl-, and aryl-functionalization[78,217,261]. These 

sp3 defects can serve as exciton traps with potential depths of 100 – 300 meV, which provide alternative 

pathways for exciton radiative recombination[82,131] resulting in superior emission yields (from <1 % up to 

28 %)[16], and extending the single-photon emission range of SWCNTs up to room temperature[17,18]. However, 

the advantages of correspondingly functionalized SWCNTs in the development of on-chip quantum photonics 

as aforementioned have not yet been fully explored. A few works have studied electrically-triggered light 

emission of SWCNTs with sp3 quantum defects[19,189,190], which would be the first step towards on-chip 

quantum emitters. To the best of our knowledge, functionalized SWCNTs as non-classical emitters have so far 

only been demonstrated in the context of optical excitation. 

Complementary to single-photon sources, single-photon detectors are of equal importance in the recent 

expanding interest in optical quantum information applications[262] and quantum photonics integrated 

circuits[263]. Conventionally, single-photon detectors have been used in a wide range of fields, such as time-

correlated single-photon counting (TCSPC) measurements and nondestructive diagnosis of very-large-scale-

integrated (VLSI) circuits[264]. In the scope of this work, we aimed to study single-photon emission based on 

HBT configuration[265] in which the characteristics of the detectors profoundly affect the measurement 

precision and limitation. The HBT experiment is commonly used to investigate the statistical properties of 

photons and typically consists of the photon source of interest, a beam splitter, a pair of detectors, and a 

coincidence measurement unit. The type of single-photon detector we chose here was a superconducting 

nanowire single-photon detector (SNSPD or SSPD) due to the presence of theoretically picosecond range jitter 

(time uncertainty). This allows resolving the photon statistics of fast luminescence decay, for example, the 

picoseconds range effective luminescence lifetime of excitons in SWCNTs[266–268]. For characterization, in 

terms of individual SSPDs, we began with studying the temperature-dependent electrical properties and the 

corresponding inherent dark count rates and moving on to various photo-response measurements, for 

instance, the detection efficiency and photon number resolution capability. Then, we identified the overall 

correlation measurement setup characteristics including the system jitter (time uncertainty) by using a pulsed 

laser source and determined the system time offset via sub-threshold laser photon bunching measurement. 

In this work, we demonstrate electrically driven single-photon emission at 77 K from defect-state 

electroluminescent emission of (7, 5) SWCNT field-effect transistors functionalized by introducing aryl sp3 

quantum defects with aryl diazonium salts. The second-order correlation function measurement was carried 

out based on the HBT experiment with the functionalized SWCNT emitters cooled down by liquid nitrogen in 

an optical cryostat. As was mostly necessary for optically excited single-photon emission of functionalized 

SWCNTs, spectral filtering was still required in this work[18]. We also compare the recorded coincidence 

histograms as a function of the applied electrical power or emission wavelength including data from our 

previous study regarding electrically triggered non-classical emission of pristine SWCNTs below 4 K[11]. For 
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comparison purposes, we provide an example of coincidence histogram recorded via non-filtered 

electroluminescent defect-state emission. Finally, we evaluated the simultaneous recorded supplementary 

data, such as the temporal trace of collected photon count rate, and discussed the measurement performance 

restrictions. 

5.2 Characterization of Fiber-coupled superconducting nanowire single-

photon detectors 

Most of the single-photon detectors (SPDs) involve some degree of conversion of photons into electrical 

signals associated with the photoactive material properties. For example, the first device that was designed 

for single-photon detection in the 1930s[269], the photomultiplier tube (PMT), comprised of mainly a 

photocathode (photosensitive element), several dynodes (electron multiplier), and an anode based on the 

photoelectric effect. Depending on the photoactive materials, single-photon detectors, in general, could be 

classified into two groups: semiconducting SPDs and superconducting SPDs[211]. The most commercially 

available semiconductor-based single-photon photodetectors, also known as single-photon avalanche diodes 

(SPADs), have been developed since the 1960s[270]. The SPADs usually are operated in a reverse bias at a level 

above the breakdown voltage, the so-called Geiger mode, that enables avalanche effect (signal amplification) 

via a series of impact ionizations from the photo-generated carrier. Various passive or active quenching 

circuits are necessary to terminate the avalanche process and restore the operating level. According to 

different spectral ranges, silicon-based SPADs work well in the visible to the near-infrared regime (up to 

~1100 nm), and germanium or III-V groups such as InGaAs are preferable in and beyond near-infrared ranges 

including telecom bands (1.3 – 1.6 μm). However, generally speaking, the performance of SPADs is superior 

in the visible wavelength range. 

On the other hand, single-photon detectors using superconductivity as the basis of the detection mechanism 

could be categorized into the second group. The most common type of superconducting SPD is likely the 

superconducting nanowire single-photon detector (SNSPD)[271]. Well below the transition temperature, the 

narrow superconducting wires (orders of 100 nm in width) are driven under a constant bias at the level close 

to the critical current. Therefore, the absorbed incident photon would locally break the superconductivity and 

revert a small region to a normal state which further expels the current to pass by, redistributes the current 

density in the adjacent area, and exceeds the critical current. As a consequence, the superconducting 

nanowire switches locally and temporarily into a normal resistive state and leads to a voltage spike 

generation[272]. Normally, the nanowire restores the original superconductivity after thermalization until the 

subsequent incoming photons. The process was also named hotspot formation. To some extent, this 

detection mechanism would typically not allow discriminating the number of incident photons, unless the 
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presence of certain conditions. To resolve incident photon number, there are different types of 

superconducting SPDs, for example, superconducting tunnel junction (STJ) detectors[273,274] which consist of 

two superconducting layers separated by an ultrathin (~1 nm to maximize the tunnel probability) insulating 

barrier. If the absorbed photon provides enough energy to break Cooper pairs, forming free “quasiparticles,” 

the flow of the quasiparticles tunneling through the insulating barrier would be measurable electrical current 

and proportional to the incident photon number. A superconducting transition edge sensor (TES) could serve 

a similar function[275], by operating as a sensitive bolometer that detects the rise of temperature owing to the 

absorbed photon. The sensor is biased at an operating temperature close to the transition between 

superconducting and normal state, hence, even a minor temperature variation due to photon absorption 

could induce a steep increase in resistance. An electro-thermal feedback control is indispensable to maintain 

the detector within the superconducting transition temperature region, and the photon number information 

is encoded in the reduction of current flowing through the device. 

The fiber-coupled superconducting nanowire single-photon detector (SNSPD) used in this work from SCONTEL 

contains an electrically and optically accessible ultrathin superconducting layer, a niobium nitride (NbN) film 

with a thickness of several nanometers, and patterned into submicrometer width (orders of 100 nm) 

nanostripe with millimeters length arranged in a square meander geometry, which improves the detection 

efficiency[276]. The output end of the optical fiber is aligned to match the meander structure of the nanowire, 

aiming for low-loss fiber-to-detector coupling[277]. The SNSPDs offer moderate detection efficiency from 

visible to near-infrared wavelength range (influenced also by the spectral response of mounted optical fibers), 

short dead time, low dark count rates, and short timing jitter. The detectors are triggered at a temperature 

well below the critical temperature (Tc) of the niobium nitride thin film (around 11 K)[276,278] and a direct 

current (DC) bias is applied to the detectors. The applied bias is set close to the critical current (Ic) yet 

meanwhile maintains reasonable detection efficiency and dark count rates.  

5.2.1 Performance metrics 

There are a few important metrics to evaluate the performance of detectors, for example, the detection 

efficiency, dark count rates, timing jitter, spectral range, and so forth[279,280]. For the need of this work, the 

following description is mainly focused on the case of the fiber-coupled superconducting nanowire single-

photon detector based on niobium nitride, which were purchased from SCONTEL (model: TCOPRS-CCR-

TW35). 

Detection efficiency  

Detection efficiency, or to be precise, the system detection efficiency, is doubtlessly the most important 

parameter from the experimental point of view. It states the probability of recording an event, in the form of 

electrical signals, by the arrival of incident photons at the detector. A few factors could affect the overall 
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efficiency: coupling efficiency, absorption efficiency, and internal efficiency. The coupling efficiency is 

attributed to the overall coupling loss of each of the experimental components. The absorption efficiency 

describes the yield of which an incoming photon is absorbed by the superconducting NbN film material. The 

internal efficiency is related to the probability that the absorbed photon could trigger a recordable output 

electrical signal. The detection efficiency, 𝜂𝑠𝑦𝑠𝑡𝑒𝑚, is usually calculated in the following equation[279]:  

𝜂𝑠𝑦𝑠𝑡𝑒𝑚 = (𝑅𝑙𝑖𝑔ℎ𝑡 − 𝑅𝑑𝑎𝑟𝑘)/𝑅𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡 

, where 𝑅𝑙𝑖𝑔ℎ𝑡 is the count rate of electrical signals generated by the detector during illumination, 𝑅𝑑𝑎𝑟𝑘 is 

the dark count rate when no light was introduced into the system, and 𝑅𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡 is the incident photon count 

rate which was coupled into the detector. The system detection efficiency of the SNSPDs is greater than 35 % 

at the given wavelength range between 900 and 1600 nm when operating below 2.5 K. 

Dark count rate 

Dark count rate (DCR) is, in general, defined as the undesired electrical signal generated except due to the 

incident photon under study, and usually could be broken down into three main contributions as shown in 

the following[279,281]: 

𝐷𝐶𝑅 = 𝑅𝑏𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑 + 𝑅𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛𝑖𝑐 + 𝑅𝑖𝑛𝑡𝑟𝑖𝑛𝑠𝑖𝑐  

The background noise, 𝑅𝑏𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑, mostly is related to the scattered or stray light coupled into the detection 

system, e.g. blackbody radiation in the nearby environment of the detector[282,283]. The electrical noise from 

the biasing and counting electronics, 𝑅𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛𝑖𝑐, may trigger the readout device to record electrical responses 

unrelated to the detectors. The intrinsic dark count rate, 𝑅𝑖𝑛𝑡𝑟𝑖𝑛𝑠𝑖𝑐, could be associated with, for instance, the 

imperfection or geometry-dependence of superconducting nanowires[284], or due to thermal fluctuation in 

the superconducting nanowire, such as current-assisted unbinding of vortex-antivortex pairs[285]. On the other 

hand, the power dissipation for detectors under biasing conditions at a level close to the critical current of 

the superconducting nanowire may cause switching between the superconducting state and normal 

(resistive) state, resulting in false electrical signals. The aforementioned process naturally leads to an increase 

in dark count rate with increasing current bias[286] or temperature[287]. 

Timing jitter  

Timing jitter, or timing uncertainty, is used to describe the timing accuracy of the detector, which is defined 

by the fluctuation in the time domain of converting an absorbed photon event to an electrical output 

signal[279]. To characterize the time resolution of the detector, the timing jitter can be quantitatively acquired 

by using a pulsed laser source to trigger electrical readout signal from detectors and record many 

photodetection time delay events for the histogram. The full width at half maximum (FWHM) of the histogram 
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would be the value of the timing jitter. One needs to note that the measured timing jitter, would be the 

convolution of the intrinsic to the detector[288–290], and of the jitter in the electronics for trigger and 

registration. The jitter of our SNSPD according to the manufacturer is around 35 ps. 

Dead time 

By definition, dead time (𝑡𝑑), also known as recovery time, is the duration of time for the detector to restore 

to its full efficiency from the previous incident photon event before being able to convert the subsequent 

photon event into an electrical signal. During that period, the detector would temporarily not produce any 

electrical response. Therefore, the maximum count rate of the detector theoretically is limited by the inverse 

of the detector’s recovery time, 1/𝑡𝑑. In practice, however, the maximum count rate is often limited by the 

photon event counting instrument. For instance, in our case, the SNSPDs used in this work have a dead time 

of less than 15 ns but the dead time of our photon event counting instrument (PicoHarp 300) is around 90 ns.  

Spectral range 

The spectral range is the specific bandwidth in which the detector can effectively absorb photons and produce 

electrical signals. For superconducting nanowire single-photon detectors, reports have shown the detector 

could efficiently operate from UV to mid-infrared regime[291,292], where the detection efficiency could vary 

from wavelength to wavelength. From the material properties standpoint, there is no lower limit for the 

shorter wavelength, but the upper limit for the longer wavelength is usually restricted by the superconducting 

energy gap and the nanowire geometry[293]. However, as an integrated SNSPD system, other optical 

components, such as optical fiber, would also be a factor in determining the spectral range. Take the SSPDs 

we used for example, the spectral response is around 1.3 – 1.6 μm mostly restricted by the single-mode 

optical fiber (SMF-28e). 

Photon number resolution   

In principle, the superconducting nanowire single-photon detector belongs to the group without photon 

number resolution (PNR) capability since it could be seen as a two-level threshold system in which 

distinguishing incident photon numbers is not an option. However, under specific bias and illumination 

conditions, it has been demonstrated that the detectors would respond if only a certain number of incident 

photons are absorbed simultaneously[271,294–296]. The count rate of the output electrical signal (probability) as 

a function of the incident photon count rate would show different dependencies under various current bias 

conditions as shown in the following[271]: 

𝑃(𝑛)~
𝑚𝑛

𝑛!
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, where 𝑃(𝑛) stands for the probability of absorbing n photons simultaneously, and m is the mean value of 

photon flux per pulse. In this simplified formula, the value m should be much less than 1, indicating the 

incident illumination is highly attenuated. 

5.2.2 Experimental setup 

As most of the basic details regarding the experimental setup have been described in the Experimental 

Methods in Section 3.3.1, the purpose of this section is to refer the following characterizations to specific 

measurement setup configurations and briefly discuss the reasons behind the setup modification. The 

correlation measurement setup mainly is comprised of three parts: two superconducting single-photon 

detectors (SSPDs), which will be distinguished and abbreviated as “DET 0” and “DET 1” later, the SSPD biasing 

electronic (Control Unit), and the time-correlated single photon counting system (PicoHarp 300). The two 

SSPDs that require cryogenic operation temperature (below 2.5 K) were mounted in either a dilution 

refrigerator (Bluefors) at millikelvin range or a closed cycled cryo-refrigeration cryostat (Sumitomo RDK-

101DL) with around 2 K base temperature and wired in the following configurations: 

(1) SSPDs were installed and operated in the dilution refrigerator. Triggering bias was applied by 

connecting to the combined port of a low-temperature bias-tee of which the DC port went to the DC 

output and the RF port went to the RF input of the Control Unit, as shown in Figure 5.2c. 

(2) SSPDs were installed in the dilution refrigerator and directly connected to the bias-tee (ZFBT-4R2GW-

FT+, Mini-Circuits) mounted in the Control Unit as shown in Figure 5.3b. 

(3) SSPDs were installed in the closed cycled cryostat and were connected to the bias-tee mounted in the 

Control Unit. 
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Figure 5.2: Control Unit photos and an overview schematic of connecting configuration (1) (a, b) Photos of the Control 
Unit where the DC output and the RF input are connected to the low-temperature bias-tee in the dilution refrigerator. 
The RF output is connected to time-correlated single photon counting system. (c) Schematic illustration of the electrical 
connections for the measurement setup as described in (1). 

However, one needs to note that in the dilution refrigerator, leakage current would appear in the RF lines, 

which are made out of stainless steel, due to the inserted 1 dB attenuators (BW-S1W2+, Mini-Circuits) 

between cooling stages. Four 1 dB attenuators are installed at 50 K, 4 K, still plate (800 mK), and intermediate 

plate (50 mK) which are crucial elements to properly thermalize the inner conductor of the coaxial cable. 

Therefore, in configuration (1), to avoid the bypass of a significant fraction of DC bias current through the RF 

lines, it is necessary to break the connection between the biasing source board and the bias-tee in the Control 

Unit. Unfortunately, although in principle, configuration (1) should be functional, during setup 

characterization we noticed undesired crosstalk between the two SSPDs, as shown in Figure 5.3a. The issue 

may be traced back to the mechanically unstable installation of the twisted pair of phosphor bronze wires for 

DC bias, which may cause unintentional signal coupling from ground noise or between wires. This issue could 

be avoided by implementing configuration (2) to use the RF lines in the dilution refrigerator to both trigger 

SSPDs and receive photogenerated electrical pulse trains.  
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Figure 5.3: Crosstalk and schematics of configuration (2) (a) Undesired correlation between the two SSPDs was observed 
while recording the coincidence histogram of the dark counts. Different setup components were attached to the SSPDs 
for each test measurement to rule out the potential origin of crosstalk. (b) Schematic illustration of the electrical 
connections for the measurement setup as described in (2). 

Nevertheless, the 1 dB attenuators in between RF lines for thermalization still provide an alternate path to 

the ground, and the DC leakage current persists. Additionally, the dilution fridge was placed around 40 m 

away from our spectroscopy system meaning it required long-distance light coupling via single-mode fibers 

and communication between electronics. To minimize the probability that unintentional ground is 

introduced, and to reduce communication challenges, for the intensity correlation measurement of 

functionalized SWCNTs, configuration (3) was chosen in which all components of the setup are nearby. The 

crosstalk between the two SSPDs didn’t affect much on their individual characterization. Therefore, the IV 

measurement and the pulse shape measurements remain valid in configurations (1) & (2), yet for dark count 

rate and photoresponse characterization, measurements were only carried out in configurations (2) & (3). 

Lastly, the two SSPDs mounted in the closed cycle cryostat, configuration (3), are not the same SSPD set used 

in the other configurations. Hence, variation in device performance could be expected. 

5.2.3 Current-voltage characteristics measurement 

We start the characterization with the current-voltage characteristics, or I-V curve, measurements of the 

SSPDs under different temperatures ranging from 7 mK to around 20 K. The temperature-dependent I-V curve 

measurements contain information regarding the critical current of the superconducting thin film and also 

reveal the critical temperature[276]. The measurements were carried out mostly in configuration (1) as to 

minimize the DC leakage current from the RF lines. We use the Control Unit as the source unit for biasing. For 
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the voltage biasing I-V curves, the sweeping step size was usually set to 0.05 mV, and the step size of the 

current biasing I-V curves was 0.1 μA. 

I-V curves measurement below 20 mK 

Firstly, we demonstrate the current-voltage characteristics measured at 7 mK in configuration (1), namely we 

biased the SSPDs via twisted DC wires. I-V curves from both the SSPDs were recorded but have only shown 

results from one detector as an example. Figure 5.4a shows the current biasing I-V curve in which the critical 

current is around 27.2 uA for DET 0 at 7 mK. The slight difference in terms of current value in forward or 

backward sweep comes from the source unit offset, which depends on the environment. For instance, 

changes in cable connection may vary the offset slightly. And without surprise, some degree of offsets in 

current or voltage were observed in all the current-voltage characteristics. The critical currents were 

calculated after the offset compensation. The large jumps in recorded voltage above critical current were 

because the source unit ran into compliance. The voltage biasing I-V curves of DET 0 at 7 mK are shown in 

Figure 5.4b. The resistance of the superconducting state of the detector, derived from the I-V curve slope, 

was around 20 Ω, which was attributed to the normal conducting electrode contacts and leads. A similar 

critical current was recorded, and hysteresis between the forward and reverse voltage sweep was 

observed[297]. The hysteresis could be understood by the power dissipation and localized hotspot formation 

of nanowires in the normal state regime at low temperatures. The self-heating effect sustains local 

temperatures higher than the critical temperature even when the bias decreases and could arise from 

multiple factors such as device geometry or thermal environment[298]. Under voltage bias conditions and 

before the complete conversion to normal state, we observed a current plateau, the so-called hotspot 

plateau, which is commonly seen in long-channel superconducting devices. The hotspot plateau refers to the 

growing region of normal states under a DC bias by balancing the Joule heating from driven current and heat 

out-diffusion. The non-simultaneous transition of the whole structure might also explain the discontinuous 

jumps in the area. Additionally, the plateau length is affected by the device channel length, as a result, we did 

not observe a normal ohmic behavior of normal state in the given voltage bias window. 
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Figure 5.4: Current-voltage characteristics curves of configuration (1) and (2) at mK temperatures (a) The current 
biasing I-V curves for DET 0 at 7 mK in configuration (1), in which the critical current is around 27.2 μA. The current 
sweeps started from 0 to either positive or negative polarity. Source unit offsets were indicated. (b) The voltage biasing 
I-V curves for DET 0 in configuration (1) at 7 mK. Hysteresis between forward and backward sweep and the discontinuous 
jumps in the hotspot plateau (in normal state) are observed. (c) The current biasing I-V curves and (d) the voltage biasing 
I-V curves for DET 0 in configuration (2) at 20 mK. Source unit offsets were indicated. The low resistance of the detector 
in the normal state is mainly due to the resistance between the inner conductor and the outer grounding shield of four 
cascaded 1 dB passive attenuators in series. 

For comparison, we show the current and voltage biasing I-V curves in configuration (2) measured at 20 mK 

in Figure 5.4c,d. As mentioned before, the source unit offset was different after changing the cable 

connection, yet the critical current calculated is still similar. The slightly higher value may be related to the 

small leakage current in the RF lines owing to the insertion of 1 dB attenuators for thermalization. The 1 dB 

passive attenuator has a π configuration circuit consisting of one series resistor (in theory, 5.8 Ω for 50 Ω 
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characteristic impedance) and two shunt resistors (in theory, 870 Ω) to ground. Hence, the resistance 

between the inner conductor and the outer grounding shield of four cascaded 1 dB attenuators in series 

would be around 116 Ω theoretically and around 150 Ω measured with a multimeter. This value could well 

explain the resistance extracted from the I-V characteristics of the detector in the normal state combined 

with the influence of the conductive electrodes and leads.  

Temperature-dependent measurements between 7 mK and 20 K 

The temperature-dependent current-voltage characteristics measurements were performed only in 

configuration (1) to avoid DC leakage current and to allow us to measure roughly the resistance of the 

detector in the normal state. Figure 5.5a shows the current biasing I-V curves of DET 0 ranging from 7 mK to 

4.2 K. The critical currents of the detector barely changed while raising the temperature from 7 mK to around 

1 K[299]. But at 4.2 K, the critical currents decrease to 18 μA, approximately 35 % of its value at the millikelvin 

range. Sufficient waiting time for proper thermalization at each recording temperature was not feasible, as 

the measurement sets were carried out while collecting the circulating 3He/4He mixture back to the storage 

tank. Thus, the recorded temperatures refer to the nominal temperatures before each I-V sweep. Figure 5.5b 

displays the voltage biasing I-V curves of DET 0 at 7 mK and 4.2 K.  

We further recorded the I-V curves from 4.2 K to the temperature above the critical temperature of NbN thin 

film, which is expected around 11 K[276] in Figure 5.5c. Similar to the measurements performed in Figure 5.5b, 

temperatures above 4.2 K were achieved by switching off the pulse tube cryocooler and letting the 

temperature increase continuously. Simultaneous I-V characteristics measurements were then conducted. 

Likewise, the nominal temperatures were marked before the start of each record and proper thermalization 

at each temperature was unfortunately not possible. The critical currents decreased with increasing 

temperature and the superconducting state almost vanished at around 8 K. Finally, we recorded the I-V curves 

at temperatures well above the critical temperature, as shown in Figure 5.5d, and estimated the resistance 

of the detector by linearly fitting the plots. At around 15 K, the normal state resistance of DET 0 is around 

1.4 MΩ  
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Figure 5.5: Temperature-dependent current-voltage characteristics curves of configuration (1) (a) Temperature-
dependent current biasing I-V characteristics curves ranging from 7 mK and 4.2 K of DET 0. A clear drop of critical current 
can be observed above 1 K. (b) Voltage biasing I-V characteristics curves at 7 mK and 4.2 K for DET 0. (c) Temperature-
dependent voltage biasing I-V curves recorded from 4.2 K to ~10 K for DET 0 after switching off the pulse tube cryocooler. 
The critical currents decrease with increasing temperature, and the superconducting state vanishes at around 8 K. (d) 
The voltage biasing I-V characteristic curve of the detector in the normal state (above critical temperature) for DET 0. 
The normal state resistance below 20 K is in the megaohm range. 

5.2.4 Dark count rates and electrical pulses  

We will discuss first the dark counts and photoresponse of the SSPDs in this section. In Figure 5.3a we pointed 

out the crosstalk issue of the SSPD set in configuration (1). Therefore, the following detector characterization 

was conducted only in configuration (2) unless otherwise mentioned. The SSPDs mounted in the dilution 

refrigerator were connected from the feedthrough on top of the fridge to the electroluminescence 
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spectroscopy setup via ~40 m long single-mode optical fibers (SMF-28-J9, Thorlabs) with FC/PC connectors. 

The photo-induced electrical pulse trains were registered via the photon event counting system 

(PicoHarp 300) in negative polarity after signal amplification. We performed a series of tests to be sure the 

additional fibers or optical components added along were in a light-tight environment and did not contribute 

much to background noise, for instance, due to black body radiation[287]. 

Figure 5.6a,b show the count rates versus DC bias with and without illumination of DET 0 and DET 1, for 

investigating the light detection ability of SSPDs. The open symbols denote the count rates measured in our 

system while blocking all incoming light from the environment, namely the dark count rate. The dark count 

rate increased along with the DC bias until the bias applied went beyond the critical current and the transition 

from the superconducting state to the normal state occurred. On the other hand, the solid symbols represent 

the count rate versus current bias when some stray light was coupled into the detectors. Count rates detected 

at the current bias level, in which dark count rates were negligible, gave clear evidence regarding photo-

induced electrical pulses owing to the hotspot formation mechanism[271].  

We also measured the electrical pulses generated from both the SSPDs which were amplified via two 20 dB 

low noise amplifiers (ZFL-1000LN+, Mini-Circuits) by an oscilloscope (PicoScope 3206D, Pico Technology Ltd.) 

in the persistence mode. The persistence mode superimposes multiple input waveforms on the same view 

which is useful for viewing complex or changing signals. Negative DC bias at the level of 90 % critical current 

was applied to the SSPDs and electrical pulses of dark counts and counts under illumination were recorded, 

as shown in Figure 5.6c,d. Apart from the pulse amplitude, the pulse shapes are similar in different conditions. 

Also, in both cases, the electrical pulses appeared with slightly lower amplitude while coupling stray light into 

the system, which has been reported in an early work of Kitaygorsky et al. [300] The outcome of electrical pulse 

measurements provides valuable information regarding the setting for the constant fraction discriminators 

(CFDs) of the input channels of the photon event counter. In this case, the CFDs operate as simple level triggers 

to suppress background noise but remain having as little influence on the real count rate as possible. Typically, 

the CFD levels are set at around half of the input electrical pulse height. 
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Figure 5.6: Count rates and generated electrical pulses in dark or under illumination (a) The count rate versus DC bias 
of DET 0 and (b) DET 1. The open symbols stand for the dark count rate, and the solid symbols refer to the count rate 
while stray light is coupled to the detectors. (c) The electrical pulses generated from DET 0 and (d) DET 1 after signal 
amplification with or without incoming radiation. The dash lines serve as a reference for amplitude comparison. 

Additionally, we studied the influence of temperature on the dark count rate and the corresponding light 

detection ability. We carried out the measurements while performing temperature-dependent I-V 

characteristics measurements, as shown in Figure 5.5a, and therefore configuration (1) was implemented. 

Similar to the behavior of critical current in a function of temperature, in Figure 5.7 neither did the dark count 

rates vary much at temperatures below 1 K, nor did the photoresponse ability vanish. However, at 4.2 K, 

noticeable dark count rates appeared earlier at a much lower DC bias region. Besides, take Figure 5.7a as a 

representative example, the photon detection ability at 4.2 K was almost completely suppressed. 
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Figure 5.7: Temperature-dependent dark count rate measurements (a) Temperature dependence of dark count rate 
versus current bias for DET 0 and (b) DET 1. Clear changes in dark count rates at 4.2 K can be noticed. The recorded dark 
count rates were limited by the maximum count rate of the photon event counter (PicoHarp 300) whose dead time is 
around 90 ns.  

5.2.5 Detection efficiency 

To determine the detection efficiency, tunable light emission was coupled into the SSPDs with defined 

wavelength and power, so that the correlation between the input photon flux and generated electrical pulses 

can be calculated. Figure 5.8a,b show the photoresponse for DET 0 and DET 1 under various power of incident 

light including the dark count rate as the baseline at 20 mK. The solid symbols refer to photo-induced count 

rates and the open symbols represent the dark count rate. These measurements were done by directly 

coupling laser light into SSPDs with a 1550 nm laser diode (LPS-1550-FC, Thorlabs) which power was dimed 

down via a variable optical attenuator (VOAMatrIQ-1002-2-FC, Coherent Solutions) with additional single-

mode fixed fiber optic attenuators (FA25T, Thorlabs), if necessary. The variable optical attenuator was running 

in a power control mode in which the power was regulated and read out by a built-in power meter. Besides, 

to extract the illumination power precisely, we used a femtowatt photoreceiver (FWPR-20-IN-FS, FEMTO) to 

determine the actual attenuation of cascaded fixed attenuators. Figure 5.8c,d display the calculated detection 

efficiency for different input power (ranging from 10-17 to 10-14 W) according to the formula of detection 

efficiency introduced in Section 5.2.1. The detection efficiency of 10-18 W illumination was excluded as the 

count rates were too close to the dark count rates and therefore appeared large deviation. The outcomes of 

1550 nm excitation seem to be independent of the input photon fluxes and the efficiency was above 40 % 

when SSPDs were triggered around 90 % of the critical currents, in good agreement with what the 

manufacturer guarantees. 
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Figure 5.8: Photoresponse and detection efficiency (a) The photo-induced count rates of 1550 nm laser illumination 
under various power versus applied DC bias for DET 0 and (b) DET 1. Dark count rates in open symbols are included as 
baselines. (c) The calculated system detection efficiency of DET 0 and (d) DET 1 under different input power. The dashed 
lines serve as a guide to the eye of SSPD triggering DC bias and the corresponding efficiency.  

5.2.6 Photon number resolution 

It has been reported by Gol’tsman et al.[271,295] that the probability of photon detection as a function of the 

average incident photon number depends on the DC bias conditions. SSPDs respond to single photons when 

applied bias is close to the critical current, for instance, 90 % of the critical current. The detection probability 

changes linearly with the average incident photon number on a double logarithmic scale. At reduced DC bias, 

the energy of a single photon would not be sufficient to trigger a hotspot formation and as a result, the energy 

of two (or more) photons is required. In this regime, the detection probability depends quadratically on the 
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incident photon flux, a characteristic of a two-photon event. In Figure 5.9 we observe a linear dependence 

from the recorded count rates as a function of incident photon flux for DC bias between 70 % to 95 % of the 

critical current. This indicates that the SSPDs are capable of working in the single-photon detection regime 

over a certain applied bias range.  

 

Figure 5.9: Photon number resolution of SSPDs (a) The count rates versus input photon flux of DET 0 and (b) DET 1 for 
DC bias ranging from 70 % to 95 % of the critical current. All curves show a linear dependence (the fitting parameters 
are included) of the count rate on the input photon flux in a log-log scale, indicating single-photon detection. 

5.3 Photon correlation measurement setup characterization 

One of the most critical requirements of the SSPDs for our project is the system jitter, as many of the other 

properties might be compensated in one way or another. For instance, extending data acquisition time if the 

detection efficiency wasn’t good enough. Here, we first characterized the system jitter in configuration (3), as 

explained previously, to minimize the probability of unintentional ground. Also, we continued using this setup 

configuration for all other measurements discussed later in this chapter. Finally, we determine the system 

time delay offset by recording the photon bunching from a laser diode. 

5.3.1 System jitter determination with pulsed laser 

The overall system jitter is determined by performing the HBT experiment[265] using a pulsed laser with 5 ps 

pulse width at 1064 nm wavelength. The seed laser (SuperK EXTREME, NKT Photonics) was running in constant 

current mode with an output power of 0.1 % and RF power of 1 %. 25 dB fixed optical attenuators were added 

to avoid count rate overflow and the laser light was split by a 50/50 single-mode fiber coupler (TW1064R5F1A, 

Thorlabs) before reaching SSPDs. The SSPDs were triggered with ~90 % of the critical current and the 
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corresponding dark count rates were below 100 Hz. The generated electrical pulse trains were registered by 

the time-correlated single photon counting unit in histogram mode with 4 ps time resolution. 

Figure 5.10a shows the results of the correlation measurement based on the HBT configuration. The time 

difference between each two peaks in the coincidence histogram, around 12.5 ns, reveals the 80 MHz 

repetition rate of the pulsed laser. Ideally, the center of the first peak should appear at zero delay time. Yet 

internal time offset owing to the delay of cable or electronics shifts the peak ~0.4 ns away. The system jitter 

can be determined by extracting the full width at half maximum (FWHM) of the peak, as shown in Figure 

5.10b. The measured jitter value is, however, ~90 ps which is clearly higher than 35 ps according to the 

manufacturer. One needs to note that the overall system jitter is a convolution of the jitter from each 

component, including the complete pulsed light source. Therefore, the measured jitter value could be viewed 

as the upper boundary of the time resolution of our experimental setup. In this case, the SSPDs should still be 

useful for defect-state emission of SWCNTs, given that the lifetime of localized excitons is in the range of 

hundred picoseconds. 

 

Figure 5.10: Determine system jitter by using a picosecond 1064 nm seed laser (a) Coincidence histogram of performing 
Hanbury Brown and Twiss experiment with a picosecond pulsed laser driven with 80 MHz repetition rate. Both SSPDs 
were biased at 90 % of the critical current at 2 K. The coincidence histogram was piled up with 4 ps time resolution in 
histogram mode. (b) An enlarged histogram plot fitted with a Voigt function to determine the jitter, namely the full width 
at half maximum (FWHM) of the peak. 

5.3.2 Photon bunching from sub-threshold laser diode 

The coincidence histogram of the time delay between photon events measured based on the HBT experiment 

provides information concerning the photon statistics. For instance, the photon bunching effect out of 

thermal emission or the photon antibunching effect from single-photon emission might be observed where 
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the bunching peak or the antibunching dip appears at zero-time delay. However, in reality, each setup 

component, such as fibers/cables or SSPDs themselves, may contribute to different degrees of timing delay. 

Therefore, it’s important to determine the system time offset in order not to misjudge the outcome or even 

acquire invalid results, especially when exploring an unknown emitter. In principle, measuring photon 

bunching out of thermal light could be a favorable approach in terms of electrically driven light emission, as 

thermal light exhibits temporal photon bunching characteristics[301]. Practically, it's quite challenging to 

observe photon bunching from thermal emission experimentally due to the inherent short temporal 

coherence unless heavy spectral filtering[200,302]. Instead, inspired by the work of Tan et al.[303], we operated a 

laser diode in the subthreshold regime and observed a photon bunching in the intensity correlation 

measurement which determines our system time offset simultaneously. 

As the results of photon bunching shown in Figure 5.11, we either directly coupled emission light from the 

1550 nm laser diode into a 50/50 fused fiber coupler (TW1550R5F1, Thorlabs) or via the reflective collimator 

(RC08FC-P01, Thorlabs) for photon bunching measurements. An in-line fiber polarizer[304] (ILP1550SM-FC, 

Thorlabs) was placed after the laser intensity was greatly attenuated to avoid count rate overflow at the 

output port (FC/PC connector). The remaining data acquisition was similar to the system jitter measurement 

(at 90 % critical current for SSPDs) except the coincidence histogram was compiled with 8 ps bin sizes in 

histogram mode, only the second plot was with 4 ps. In Figure 5.11, we normalized the collected histogram 

counts to the median value of the uncorrelated counts in the given time window as shown in the figures. The 

threshold current is around 11 mA, and the first two plots were recorded while driving the laser diode at the 

subthreshold regime. Besides, the photon bunching effect was also observed while driving the laser diode at 

certain biases above the threshold current. The unexpected results had been observed previously[305] and 

were suggested as a consequence of longitudinal mode competition[306] or bimodal behavior[307]. In general, 

the bunching peak recorded, had a lower amplitude than reported[303]. Aside from the difference in emission 

wavelength, our laser diode ran without distributed feedback for side mode suppression, and no additional 

spectral filter or temperature stabilizer[308] was implemented. Also, the single-mode fibers were non-

polarization-maintaining fibers in which random birefringence, for example, due to fiber bending[309] may 

occur. Therefore, mode partitioning[310] may disturb the photon bunching outcome. 
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Figure 5.11: Photon bunching effect from sub-threshold laser diode Coincidence histograms of photon bunching 
measurement under different driven currents below or above the threshold current for system time offset 
determination. The time offsets are included in the figure. Photon bunching peaks were fitted with Lorentz functions 
and the peak positions appear at similar time delay in all cases.  

5.4 Photon correlation measurements for carbon nanotubes with quantum 

defects at 77 K 

In the following chapter, we will continue the correlation measurement of functionalized (7, 5) SWCNT field-

effect transistors using the HBT configuration. The correlation measurement setup for functionalized SWCNTs 

has been described in Section 3.3.1 and therefore, we will focus on discussing the outcome of single-photon 

emission at cryogenic temperature, and the supplementary results. 

5.4.1 Device fabrication 

To study single-photon emission, we used functionalized (7, 5) SWCNTs and integrated them into field-effect 

transistors with CVD graphene electrodes in this work. The pristine semiconducting (7, 5) SWCNT suspension 

was prepared from CoMoCAT by polyfluorene (PFO) polymer-wrapping in toluene[69]. Gel filtration 

chromatography was followed for purification and length sorting. The pristine (7, 5) SWCNT suspension has 

an average length of around 550 nm, as in the length distribution shown in Figure 5.12a, and has a high (7, 5) 
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chirality enrichment which can be seen in the photoluminescence excitation map (PLE) in Figure 5.12c. The 

E11 optical transition (1050 nm) of (7, 5) SWCNTs appeared in the PLE map while exciting the suspension at 

the E22 optical transition (657 nm). Weak emission sidebands associated with RBM and K-momentum dark 

exciton phonon sidebands[72,311–313] can also be noticed but no visible emission from sidewall defects nor other 

carbon nanotube chiralities[15,76,77]. The pristine suspension was further functionalized by adding reactive 

dichlorobenzene dopants to create 3,5-dichlorophenyl-functionalized sp3 quantum defects as we reported in 

the recent work[19]. PLE measurement, Figure 5.12d, was performed on the as-prepared functionalized 

suspension to confirm the sp3 defect formation in which the red-shifted defect-induced emission bands, 

denoted here as E11* and E11*-, can be observed[16]. The defect-state emission band originates from the 

localization of excitons at deep traps (in order of hundreds meV) and spreads over a rather wide wavelength 

range mainly due to the diverse binding configurations of the aryl group to the carbon nanotube 

lattice[81,83,84,87,137]. 
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Figure 5.12: Images of single-tube device and properties of carbon nanotube suspensions (a) The mean length value of 
the nanotube for the devices of electroluminescence/intensity correlation measurement is around 560 nm. The statistic 
was extracted by analyzing 180 individually dispersed nanotubes from the SEM images. Normal distribution was fitted 
to the histogram. (b) Representative scanning electron microscopy images of SWCNT devices where a single nanotube 
was wired to monolayer CVD graphene electrode pair. The scale bar equals 150 nm. (c) The photoluminescence 
excitation map of the suspension from polymer-wrapped (7, 5) SWCNTs dispersed in toluene before introducing sp3 
sidewall defects with 3, 5-dichlorobenzene functionalization, and (d) after the functionalization process. E11 optical 
transition and the red-shifted defect-state emission (E11* and E11*-) are labeled.  

The functionalized (7, 5) SWCNTs were integrated into three-terminal field-effect transistors via DC-

dielectrophoresis[208] in which monolayer CVD graphene acted as the source-drain electrode pairs with 150-

200 nm gap size and the heavily p-doped Si as the back-gate, similar to the method introduced in the previous 

chapter. Dielectrophoretic deposition conditions were adjusted to obtain devices with single or few tubes, 

and a representative SEM image of a SWCNT/graphene device was shown in Figure 5.12b. Devices were 



    

  99 

electrically wire bonded and mounted into the optical cryostat of our near-infrared optical microscopy and 

spectroscopy setup. The cryostat was fixed on a motorized XY scanning stage to allow precise positioning of 

the emitter. This is especially crucial when coupling emitted light into the single-mode optical fiber to perform 

second-order correlation function measurements, as mentioned already in Section 3.3.1. The device was 

vacuum annealed after the cryostat had been evacuated below 10-6 mbar and subsequently cooled down to 

77 K without breaking the vacuum. Transconductance characteristics, examples displayed in Figure 5.13, and 

electroluminescence measurements were carried out before moving on to second-order correlation function 

measurements. The constant source-drain current mode was implemented to reliably drive devices for 

electroluminescence, and the emitted light was analyzed by a linear InGaAs photodiode array with a spectral 

response range between 950 to 1610 nm. All spectra were calibrated by the relative spectral sensitivity of the 

setup[70]. 

 

Figure 5.13: Transconductance characteristics of functionalized (7, 5) SWCNT devices (a) Transconductance 
measurement at room temperature and (b) at 77 K, liquid nitrogen, temperature with ±4 V gate voltage sweep and -7 V 
and -3 V source-drain bias respectively. The 3-point median smoothed data are presented in darker color lines. 

5.4.2 Electroluminescence spectroscopy and intensity correlation measurement 

The coincidence histograms in which antibunching behaviors were observed at 77 K and the 

electroluminescence spectra measured before starting the intensity correlation measurements are discussed 

in the following section. Clear antibunching behavior, around 75 % single-photon purity in Figure 5.14b, was 

observed from the functionalized (7, 5) SWCNT device by filtering the trionic defect-state emission (E*T)[19,220] 

via a 1350 nm long-pass filter (FELH1350, Thorlabs), as shown in Figure 5.14a. The single-photon purity refers 

to the probability of emitting a single photon instead of multiple photons, which can be quantified by the 

value of the second-order correlation function at zero-time delay, g2(0). The functionalized (7, 5) SWCNT 
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device was triggered under a 2 nA constant source-drain current over a time period of around 38 ks, and the 

SSPDs were driven at around 90 % of the critical current with dark count rates of less than 100 cps. The 

histogram was accumulated with 8 ps time resolution from data acquired in time-tagged mode.  

 

Figure 5.14: Electroluminescence spectroscopy and coincidence histogram (a) The electroluminescence spectrum of 
functionalized (7, 5) devices measured at 77 K under 2 nA constant source-drain current excitation. Excitonic and trionic 
defect-state emission, E* and E*T, are marked. The spectrum was fitted with Voigt functions and overlapped with the 
transmission spectrum (grey area) of the 1350 nm long-pass (LP) filter, indicating the filtered light emission for the 
intensity correlation measurement at 77 K. (b) The coincidence histogram measured at 77 K by collecting spectrally 
filtered electroluminescence. The histogram was accumulated with 8 ps time resolution using TCSPC software for data 
acquisition and analysis. The fitting curve is presented showing clear antibunching behavior with the second-order 
correlation function at zero-time delay g2(0) equals 0.26. The dashed grey lines served as a guide for the eye for 
g2(0) = 0.5. 

The best single-photon purity recorded in this work, around 92 % in Figure 5.15b, was observed from the 

functionalized (7, 5) SWCNT device by transmitting the excitonic defect-state emission with the lowest 

transition energy (E11*-) via a 1300 nm band-pass filter (FBH1300-12, Thorlabs), as shown in Figure 5.15a. The 

filter has a bandwidth of 12 nm. The histogram was accumulated with 8 ps time resolution from data acquired 

in time-tagged mode. On the other hand, the time-tagged data with the lowest single-photon purity is plotted 

with 12 ps bin sizes in Figure 5.15d with a value of around 60 %. For this measurement, a 1200 nm band-pass 

filter (FBH1200-10) was used in Figure 5.15c for spectral filtering with a bandwidth of 10 nm. Apart from the 

uncertainty that more than one emission center could be active, perhaps more than one nanotube, the 

similarity in terms of emission position of the excitonic defect-state emission (E11*) and the trionic emission 

(E11,T) could also be a reason to explain the poor purity. In our recent work, we already pointed out the 

difficulty of distinguishing between the defect-state emission and the intrinsic trionic emission[19].  
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Figure 5.15: Intensity correlation measurement with band-pass (BP) filters (a), (c) Electroluminescence spectra of two 
other different functionalized (7, 5) devices measured at 77 K under constant source-drain current excitation, as 
indicated in the figures. The intrinsic excitonic (E11) and trionic (E11,T) emission, as well as the excitonic defect-state 
emission (E*) are marked. EL spectra were fitted with Voigt functions and overlapped with the transmission spectra (grey 
area) of respective spectral filters, indicating the filtered light emission for the intensity correlation measurement at 
77 K. (b), (d) The respective coincidence histograms measured at 77 K by collecting spectrally filtered 
electroluminescence. The histograms were compiled with 8 ps time resolution for (b) and 12 ps for (d) using TCSPC 
software for data acquisition and analysis. Fitting curves are overlaid with the second-order correlation function at zero-
time delay g2(0) equals 0.08 and 0.40. The dashed grey lines served as a guide for the eye for g2(0) = 0.5. 

The coincidence histograms of the electrically driven defect-state emission from functionalized (7, 5) SWCNT 

devices were composed out of the bidirectional start-stop events each with the time resolution 

aforementioned. As details explained in Section 3.3.2 and the analysis process demonstrated in Figure 3.5, 

the signal-to-noise ratio of the histograms is improved by correlating the received electrical pulse trains from 

the two superconducting single-photon detectors in both directions. To determine the constant time offset 
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of our system which required to be compensated in analysis, we replaced the functionalized SWCNT sample 

with a 1550 nm laser diode (LPS-1550-FC, Thorlabs) and generated photon bunching signals by operating the 

laser diode in the subthreshold, detailed described in Section 5.3.2. By overlapping photon bunching peaks 

with the antibunching dips of defect-state light emission from functionalized SWCNTs, shown in Figure 5.14a 

and Figure 5.15a respectively, both accumulated by the start-stop events in the same direction, we confirmed 

the time offset of both experiments remains similar in Figure 5.16. All histogram curves were fitted by the 

sum of two exponential functions 𝑔2(τ) = 1 − c1e−γ1|τ−τ0| − c2e−γ2|τ−τ0|, where c1 < 0 and c2 > 0 indicate 

the amplitudes of bunching and antibunching, γ1 and γ2 represent the decay rates, and τ0 corresponds to the 

center of the zero-time delay of the antibunching dip, adapted from our previous work[11]. The values of the 

source-drain current bias for electrical excitation, the average dissipated electrical power, the spectral filter, 

and the second-order correlation function at zero-time delay with the standard deviation extracted from fits 

and were provided in the figures. 

 

Figure 5.16: Comparison of time offsets recorded with a nanotube emitter and a laser diode The coincidence 
histograms measured from the functionalized SWCNT devices as shown (a) in Figure 5.14a and (b) in Figure 5.15a are 
compared with a photon bunching peak from a laser diode to confirm the constant system time delay between the two 
channels of the TCSPC. Both photon antibunching curves of functionalized SWCNT devices were composed of only one 
direction of start-stop event pairs, and as expected, the positions of the antibunching dip and the photon bunching peak 
appear at a similar time delay. The photon bunching was recorded in the histogram mode with an 8 ps bin size by 
operating a 1550 nm laser diode (LPS-1550-FC, Thorlabs) at the subthreshold regime (10 mA operating current) with 
sufficient attenuation (Fixed Fiber Optic Attenuators, Thorlabs) as inspired by the work of Tan et al.[303] and described in 
the previous section. 

The extracted g2(0) values of the antibunching dip at zero-time delay from the intensity correlation 

measurement are shown in Figure 5.17a as a function of applied electrical power. Data adapted from the 

waveguide-integrated non-classical light emitter of pristine (9, 7) SWCNTs below 4 K[11] was included for 
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comparison. At first glance, there seems to be a linear relation between the dissipated electrical power and 

the g2(0) value disregarding the presence of sp3 quantum defects. However, one needs to note that the data 

were acquired under different temperatures, marked with red for 77 K and blue for 1.6 K separately. It has 

been pointed out in the literature that the probability of nonclassical emission due to exciton localization in 

an unstable electrostatic environment greatly depends on the temperature[10]. An in-depth study of the 

electrical power dependence of the antibunching from the functionalized SWCNTs was not the main focus of 

this work, nevertheless, a general picture was that the lower the electrical power, the better the g2(0) value, 

leading to a higher probability of single-photon emission. Part of the explanation may relate to one of the 

general challenges for electrically driven quantum emitters - namely how to concentrate the radiative 

recombination of electron-hole pairs at the defects instead of surroundings[212]. Also electrical power-

dependent spectral purity of defect-state emission plays a role, which could be affected also by the defect 

density or characteristic displacement between defects. Unfortunately, to the best of our knowledge, a 

comprehensive study of spectral evolution as a function of triggering power or defect number/density at 

single- (few-) nanotube levels is still missing. Figure 5.17b presents the full-width at half-maximum (FWHM) 

of the antibunching curves as a function of electrical power, which correlates with the emission lifetime of 

SWCNTs[131]. Comparison of functionalized and pristine SWCNTs wouldn’t be conclusive as the measurement 

conditions were quite different. However, a trend between FWHM and the emission wavelength could be 

observed, see Figure 5.17b inset, which is roughly in agreement with the sp3 defect trap depths[82,131]. 

 

Figure 5.17: Electrical power dissipation versus the g2(0) value and FWHM (a) The extracted g2(0) values versus the 
dissipated electrical power. The solid circles correspond to the intensity correlation measurement of functionalized (7, 5) 
SWCNTs at 77 K (red area), and the open circles are data at 1.6 K for pristine (9, 7) SWCNTs (blue area) adapted from 
reference[11]. The y error bars stand for the standard deviation derived from the photon antibunching fit. The x error bars 
indicate the standard deviation of the recorded dissipated electrical power. (b) The full-width at half-maximum (FWHM) 
acquired from the fit results versus electrical power dissipation. The inset represents the wavelength dependence of the 
extracted FWHM values. The color of solid circles refers to the results shown in this section and outlook. 
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5.4.3 Second-order correlation function measurement without spectral filter 

As mentioned previously, spectral filtering is still important owing to the emission stability over long data 

acquisition time and the potential existence of multiple emission spots (e.g., more than one quantum defect). 

An example coincidence histogram of intensity correlation measurement at 77 K without inserting a spectral 

filter is shown in Figure 5.18b. Despite being able to acquire electroluminescence spectra with narrow 

linewidth and high spectral purity at moderately low excitation current, displayed in Figure 5.18a, the 

possibility of having two (or more) identical quantum defects and additional emission related to mobile 

excitons cannot be completely ruled out and leads to a reduced single-photon purity. The most pronounced 

peak was around 1210 nm under a constant current excitation with linewidth around 15 meV. The 

coincidence histogram was generated in the histogram mode with 8 ps time resolution. Constant source-drain 

bias from -8 to -13 nA was applied during the measurement period to accommodate acceptable photon count 

rates. The outcome could relate to the non-ideal light emission intensity plus light collecting efficiency and 

will be further clarified in the following section. 

 

Figure 5.18: Intensity correlation measurement of functionalized (7, 5) without spectral filter (a) Electroluminescence 
spectra at 77 K from a functionalized (7, 5) SWCNT device measured at -3 and -10 nA constant source-drain bias 
respectively. The spectra were fitted with Voigt functions and the most pronounced peak was around 1210 nm which is 
attributed to the excitonic defect-state emission (E*). However, it could be that intrinsic trionic emission (E11,T) may also 
contribute since their emission peak positions are rather similar. (b) The coincidence histogram acquired from intensity 
correlation measurement g2(τ) without any spectral filter at 77 K by running the TCSPC in the histogram mode with 8 ps 
time resolution. Constant source-drain bias from -8 to -13 nA was applied during the recording period of around 80 ks. 

The fitting curve was overlaid showing a low degree of photon antibunching (g2(0)  0.8) with the dashed grey lines 
serving as a guide for the eye at g2(0) = 0.5. 
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5.4.4 Photon count rate and applied electrical power 

Simultaneous to the time tagging of the incoming photons we continuously measured the voltage that was 

applied by the source-measurement unit to maintain the constant current bias. Figure 5.19c shows such a 

trace of the power which varies substantially over time. One notes that despite the variation, the mean value 

didn’t change dramatically during the measurement, suggesting the low hysteresis, which may be ascribed to 

the low-temperature and vacuum environment[70,314]. The data is the trace that corresponds to the 

coincidence histogram shown in Figure 5.14, but it is representative of what we have observed. For the other 

coincidence histograms in Figure 5.15, simultaneously recorded supplementary results are provided in the 

Appendix Figure 0.1 and Figure 0.2. The recorded photon count rate, the sum of both input channels of the 

correlator, is plotted in Figure 5.19a and binned to a histogram in Figure 5.19b.  
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Figure 5.19: Photon count rate and electrical excitation time trace (a) The collected overall photon count rate over the 
time period (~38 ks) of intensity correlation measurement under 2 nA source-drain bias as in results shown in Figure 
5.14. The average count rate is 5.19±2.97 kcps. (b) The accumulated histogram of the acquired photon count rates 
plotted with a bin size of 400 cps. (c) The time trace of the applied electrical power for the intensity correlation 
measurement. A constant source-drain bias of 2 nA was applied to the functionalized (7, 5) SWCNT device at 77 K. 

The electrical power was maintained at a rather stable level despite an electrical noise of around 0.5V 

(standard deviation of the recorded source-drain bias), as demonstrated in Figure 5.20a. The overlaid normal 

distribution curve of its histogram in Figure 5.20b indicates the noise likely corresponds to Gaussian noise. 

The sudden changes of voltage in the time trace of the recorded bias may seem to refer to burst noise, 

however, this type of noise often has a time scale ranging from milliseconds to seconds. On the other hand, 

the photon count rate varied in a few factors over the period. On the other hand, the large fluctuation of the 

count rate is attributed not only to the emitter properties itself, for instance, owing to luminescence bleaching 
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(decay) and blinking (intermittency)[315–317], but also to the setup stability. Due to the long measuring period, 

the sample mounted under the microscope would slowly drift away from the optimum focus point, mostly in 

the lateral position in the micrometer range, which caused a gradual decrease in the collected count rate over 

time and required moderate realignment in between data acquisition. Surprisingly, no correlation between 

the time trace of the dissipated electrical power and the count rate was found at the given time resolution (in 

seconds). Information on the mean values and the standard deviation are included in the figures. Thoughts 

on improvements in terms of correlation data collection and progress to avoid the need for spectral filters or 

cryogenic temperature will be disclosed in Outlook. 

 

Figure 5.20: Electrical noise of the recorded source-drain voltage (a) The electrical noise (standard deviation of the 
measured source-drain voltage) time trace of a functionalized (7, 5) SWCNT device in Figure 5.14. The mean value of the 
source-drain voltage was subtracted. Values of the applied constant source-drain current and the recorded source-drain 
voltage bias were noted. (b) Histograms of the electrical noise time trace compiled in bin sizes of 0.2 V. Fitting curves 
with a normal distribution were overlaid.  

5.5 Summary 

In summary, we began the chapter with a general introduction to different types of single-photon detectors 

and their crucial performance metrics. We continued with the description of the experiment setup and further 

discussed the results of fiber-coupled superconducting nanowire single-photon detector (SNSPD) 

characterization including measurements of temperature-dependent current-voltage characteristics, dark 

count rates, pulse shapes, detection efficiency, and photon number resolution capabilities. With the 

understanding of individual detector performance and limitation, we characterized the complete 

measurement setup based on the HBT configuration to determine the upper limits of system timing jitter and 

internal system time delay via subthreshold laser photon bunching measurement. Then, we turned the focus 

back to our initial motivation of developing an on-demand single-photon emitter on a chip. With that, we 



 

 

108 

demonstrated for the first time single-photon emission from aryl-functionalized (7, 5) SWCNTs with sp3 

quantum defects triggered via electrical excitation at 77 K. We observed antibunching behavior by coupling 

excitonic or trionic defect-state electroluminescence into the fiber-coupled HBT experiment setup. We 

further discussed the correlation between the zero-time delay second-order correlation function and the 

applied electrical power, including results regarding non-classical emission of pristine SWCNTs below 4 K from 

previous work[11]. Subsequently, we showed the relation between the full width at half maximum of the 

antibunching dips and the electrical power or emission wavelength. We included defect-state 

electroluminescence intensity correlation measurement without spectral filtering for comparison. Lastly, we 

analyzed the simultaneously recorded electrical and count rate data to point out the restrictions of the current 

measurement setup and device design, and suggestions on progressing towards room-temperature single-

photon electroluminescent emission are described in the outlook, Section 7.2. 
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6 Cavity-Enhanced Electroluminescence of Carbon Nanotubes in the 
Telecom Band 

 

This chapter includes content from a research article[21] that has been published by our group with the group 

of Prof. Dr. Wolfram Pernice from Universität Münster and Universität Heidelberg. Reprinted with permission 

from Nature Communications 2023, 14, 3933. Copyright © 2023 Springer Nature. 

Emerging photonic information processing systems require chip-level integration of controllable nanoscale 

light sources at telecommunication wavelengths. Currently, substantial challenges remain in the dynamic 

control of the sources, the low-loss integration into a photonic environment, and the site-selective placement 

at desired positions on a chip. Here, we overcome these challenges using heterogeneous integration of 

electroluminescent (EL), semiconducting single-walled carbon nanotubes (sc-SWCNTs) into hybrid two-

dimensional – three-dimensional (2D - 3D) photonic circuits. We demonstrate enhanced spectral line shaping 

of the EL emission from (9, 8) SWCNTs. By back-gating the SWCNT-emitters we achieve fully electrical dynamic 

control of the EL emission with high on-off ratio and strong enhancement in the telecommunication band. 

Using nanocrystalline graphene as a low-loss material to electrically contact SWCNT emitters directly within 

a photonic crystal cavity enables highly efficient EL coupling without compromising the optical quality of the 

cavity. Our versatile approach paves the way for controllable integrated photonic circuits. 

6.1 Introduction 

Electrically-driven light sources with a nanoscale footprint are desirable for integrated photonic circuits to 

avoid the requirement of external illumination with an excitation pump light and the accompanying high-

fidelity optical filtration on the chip, thus reducing design complexity substantially. Meanwhile, 

semiconducting SWCNTs have emerged as promising nanoscale light sources that can be electrically 

stimulated into stable excitonic emission[159]. SWCNTs also show quantum light emission behavior at 

cryogenic[10,11,196] and at room temperature[17] as a result of localization of excitons at trap states. However, a 

common limitation for realizing scalable on-chip circuits is the site-selective placement of a nanoscale light 

source at the desired location on a photonic device, which is particularly important when coupling emitters 

into photonic cavities. Dielectrophoresis provides such a reliable deposition method for SWCNTs[208] and 

allows deterministic placement between electrodes. Additionally, the integration of electrically driven 

SWCNTs with nanophotonic waveguides requires suitable biasing paths for electrical stimulation. 

Conventionally used metallic electrodes induce optical absorption loss at the waveguide, leading to a 

substantial decrease in the coupling efficiency of emitted light into the propagating mode. Furthermore, 

metallic electrodes suppress and degrade resonance modes of nearby photonic cavities[12], which are 
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associated with Purcell enhancement and spectral filtering of emitted light. Besides, metallic electrodes close 

to the SWCNTs could lead to the broadening of the light emission[70]. We overcome these challenges by using 

waveguide-compatible, transparent (a few nanometers thick), and low-loss nanocrystalline graphene (NCG) 

electrodes instead of metallic electrodes[318–320]. We embed NCG electrodes directly atop the photonic crystal 

(PhC) cavity with negligible optical insertion loss and degradation of the Q-factor of the resonance mode. We 

employ (9, 8) SWCNTs and enable controlled injection of electrons and holes into the SWCNT channel to 

generate narrowband electroluminescence (EL), which emits in the telecommunication E-band with an 

excitonic peak position around 1440 nm[19,70,318]. In order to increase the quantum yield of SWCNT[67,321], we 

engineer a suitable photonic environment with enhanced Local Density of States (LDOS) to raise the 

spontaneous emission rate of the incorporated (9, 8) SWCNTs according to Purcell theory[322]. We 

demonstrate the enhancement of the EL emission of SWCNTs by efficient coupling into a hybrid 2D 

nanocrystalline graphene – 3D photonic structure device. Importantly, our hybrid approach enables fully 

dynamic control over the intensity of modified narrow-linewidth EL spectra by electrical operation of the 

back-gate voltage, which in fact indicates the carrier recombination electroluminescent mechanism of the 

emitted light from SWCNTs. The applied low driving bias-current (tens of nA) to the SWCNT further proves 

the electroluminescent nature of the emitted light, in contrast to previous work by Pyatkov et al.[12] where 

three orders of magnitude higher biasing current were utilized to generate incandescent emission of SWCNTs. 

We achieve an on-off ratio close to 100 %. In the switched-on regime, we find a high enhancement factor up 

to Fint = 188 and coupling efficiency βint = 99.5 % of the EL into the fundamental resonance mode, which is 

efficiently read out by 3D couplers terminating the nanophotonic waveguides. This way, we achieve high 

coupling efficiency of telecom electroluminescence in a tailor-made 1D PhC cavity mode in contrast to 

collecting photoluminescence from SWCNTs in a cavity[323] and exciton-plasmon coupling[13]. In addition, we 

show that the NCG strip in the cavity region can function as a thermal emitter, thus providing telecom-band 

polarized emission with a peak enhancement factor F = 80 and F = 112 at 77 K and 300 K, respectively. Such 

hybrid devices allow experimentally study of the Local Density of States (LDOS) in the cavity region, hence 

determining the optimal spatial point of efficient emitter coupling into resonance modes. The NCG strip 

incandescent emitter can be universally utilized for on-chip optical LDOS probing at room and cryogenic 

temperatures. The electrically controllable hybrid NCG-Si3N4 photonic circuits with deterministic placement 

of SWCNTs in the cavity region provide a versatile and scalable platform that meets the requirements of 

integrated photonic circuits for classical and quantum applications. 

6.2 Hybrid cross-bar photonic crystal cavity device 

We design cross-bar photonic crystal (PhC) cavities with embedded nanocrystalline graphene (NCG) 

electrodes, as illustrated in Figure 6.1a, in order to electrically control the cavity-enhanced emission rate of 
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integrated light sources. The cross-bar design allows to position of NCG electrodes directly atop Si3N4 

waveguides, while the enhanced EL optical signal is outcoupled through another perpendicular waveguides 

using 3D couplers[324]. The employed total-internal reflection couplers, a representative helium ion 

microscope (HIM) image in Figure 6.1b, provide a convenient and broadband out-of-plane readout of the 

optical signal with good efficiency. 

The devices were realized on Si3N4/SiO2 on Si substrates using a multi-step electron beam lithography 

protocol. Following the planar fabrication of the nanophotonic circuits, subsequently, the 3D couplers were 

printed on the chip. In the final fabrication step, polymer-wrapped (9, 8) SWCNTs were integrated with 

nanophotonic devices through selective deposition in between NCG electrodes via electric field-assisted 

dielectrophoresis[19,70,157]. This fabrication procedure allows the realization of scalable and reproducible hybrid 

devices on a chip, as discussed in Section 3.1. The cross-bar PhC cavity enhances the spontaneously emitted 

EL of SWCNTs in the cavity region and further enables its direct coupling to nanophotonic waveguides, as 

shown in Figure 6.1a,d,e. The light-matter interaction strengthens the radiative emission rate of SWCNTs by 

Purcell enhancement[322], while at the same time, the PhC cavity provides narrow-line spectral filtering of the 

emitted light. To minimize the influence of the crossed bar on the optical quality factor (Q factor) of the cavity, 

the arm is linearly tapered down from a width of 600 nm to 200 nm in the cavity region along 1 μm (Figure 

6.1d). We employ 3D Finite Difference Time Domain (FDTD) numerical optimization of the PhC cavity to 

maximize the coupling efficiency of emitted light into resonance modes (β-factor). The β-factor correlates 

with the enhancement factor, the ratio of the on-resonance intensity to the free-space intensity at the 

corresponding resonance wavelength, and also the optical transmission through the device. The electric field 

distribution of subsequent odd resonance modes is shown in Figure 6.2b. Maximum enhancement is obtained 

by placing the emitter within the antinode of the electric field according to the Purcell theory[322]. Notably, 

our hybrid PhC design naturally allows obtaining high enhancement because the polarization of the EL of 

SWCNTs is aligned with the TE-like resonance mode of the cavity. The increase in the spontaneous emission 

rate leads to an increase in the coupling efficiency (β-factor) coupling into the corresponding mode, which is 

the ratio of enhanced emitted light outcoupled from both ends of the waveguides to the total amount of light 

emitted by the source.  
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Figure 6.1: Electrically controlled cross-bar PhC cavity with integrated SWCNT emitter (a) Schematic of the hybrid 
device. The SWCNT is positioned between NCG electrodes on top of the cavity crossing. The electroluminescent emission 
is coupled out from both ends of the PhC cavity. (b) A helium ion microscopy image of a broadband 3D coupler connected 
to the ends of the nanophotonic waveguides. (c) Optical micrograph of the fabricated device with 3D output couplers 
and cavity region marked by the zoom-box. Output ports are marked from A to D. (d-e) Scanning electron microscopy 
(SEM) images of the hybrid device in the cavity region. The inset shows a close-up image of an individual SWCNT between 
NCG electrodes in the cavity. [Adapted and reproduced with permission from reference[21], Springer Nature.] 

The optimal position of the source within the cavity region is determined via 3D FDTD simulations of the LDOS 

enhancement performed by Dr. Anna Ovvyan. The electroluminescent SWCNT emitter is modeled as a 

classical dipole source with an electric field aligned along the transverse electric (TE) mode of the cavity. The 

results for different positions of the emitter on top of the cavity region along transverse and longitudinal 

directions are summarized in on-resonance LDOS spatial maps in Figure 6.2a and Figure 6.5a, respectively. 

The LDOS-spatial maps qualitatively indicate an optimal central position of the SWCNT emitter in the cavity 
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region to obtain the highest enhancement, where the coupling efficiency into odd modes is maximized. Light 

emitted from the source, placed on the center of the cavity, is coupled to odd resonance modes and 

enhanced. Moving the emitter away from the cavity center leads to a decrease in the enhancement of odd 

modes. This is in agreement with the corresponding electric field distribution of the resonance modes in 

Figure 6.2b. Owing to the structure design, a single SWCNT was site-selectively deposited near the optimal 

position of the cavity as shown in Figure 6.1d (inset). 

 

Figure 6.2: Simulated on-resonance LDOS enhancement spatial map and electric field distribution (a) Simulated on-
resonance LDOS enhancement spatial map of the dipole source sitting atop the cavity region of a cross-bar PhC cavity 
with NCG electrodes. The PhC consists of N = 25 holes in each Bragg mirror. The emitter position is atop the cavity center 
and varied along the transverse direction. The position of the source along the y-direction is normalized to the width of 
the cavity (w). (b) Simulated electric field distribution of the I-order and III-order resonance modes. [Adapted and 
reproduced with permission from reference[21], Springer Nature.] 

6.2.1 NCG-based incandescent nanoemitter in the telecom band 

Besides functioning as contact electrodes, we patterned a 5 nm thick NCG strip with a narrow junction within 

the cavity center of PhC to form an incandescent emitter[318], as shown in Figure 6.3a,c complementing the 

electroluminescent SWCNT emitters. Such a thermal strip-nanoemitter incorporated in a predetermined 

position within a photonic device allows probing the LDOS factor experimentally and provides optimal 

coupling of emitted light into cavity modes at both cryogenic and room temperature. Importantly, the NCG 

strip-nanoemitter does not degrade the quality factor of the cavity (as shown in Appendix Figure 0.3) in 

contrast with the work of Shiue et al.[325], where a micro black-body radiator for optical communication 

applications was demonstrated. As a side note, the NCG strip can be removed by oxygen plasma while 

protecting the rest of the circuit, for example, with photoresist. 
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Figure 6.3: Nanocrystalline graphene-based nanoemitter (a) Schematic of the NCG strip integrated atop cross-bar PhC 
cavity. (b) 3D FDTD simulated spectrum (normalized) of light outcoupled from one end of the cross-bar photonic crystal 
(PhC) cavity. The symmetric design of the PhC cavity leads to equal incandescent emission on both sides. The resonance 
modes are labeled in Roman numbers (I–IX). (c) SEM image of the cavity region with NCG strip atop cavity. The waist of 
the strip is 250 nm in width. (d) Recorded spectra of electrically-biased enhanced thermal emission outcoupled from 
couplers A (green) and C (red) with 120 uA source-drain current (source-drain voltage 35.5 V) at 77 K. The spectrum from 
the NCG strip (blue) was acquired with the polarizer parallel to the TE mode of the waveguide. (e) Polarization map of 
measured incandescent emission spectra detected at coupler C, projected onto different polarization angles with a 
polarization filter. The dashed white line marks the polarization axis of the spectra acquired at couplers A and C. The 
cross-bar PhC cavity contains N = 45 segments in each Bragg mirror with a lattice period of a = 458 nm. [Adapted and 
reproduced with permission from reference[21], Springer Nature.] 

The spectral properties of the resonance mode were determined by measuring the outcoupled enhanced light 

emission from electrically stimulated NCG strip at 77 K at the 3D couplers A and C with an InGaAs photodiodes 

array as shown in Figure 6.3d. We emphasize that in the case of the demonstrated biased NCG strip 

nanoemitter, the supplied electric energy is transformed into Joule heat and is dissipated in the NCG junction 

leading to incandescent emission. The estimated electron temperature of the NCG-based emitter on the Si3N4 

waveguide at an applied electrical power of 2.87 mW (source-drain current 70 uA) reaches around 1000 K, as 

shown and discussed in Appendix (Figure 0.4). The central position of the NCG strip in the cavity region (Figure 
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6.3c) provides optimal coupling of emitted incandescent light into odd resonance modes, as predetermined 

by simulated LDOS spatial maps and electric field distributions (Figure 6.5a and Figure 6.2b). The measured 

spectra with narrow linewidth peaks in red and green depicted in Figure 6.3d are in good agreement with the 

simulated spectrum shown in Figure 6.3b. A free-space confocal emission spectrum of light detected from 

the NCG strip is shown in blue. The dips at the resonance wavelengths confirm the effective coupling of 

incandescent light into the resonance modes of the PhC cavity. The envelope of the spectrum is modulated 

by substrate-induced interference[326]. A polarization map of emission spectra at 77 K as depicted in Figure 

6.3e proves that the incandescent light obtained from 3D couplers is strongly polarized, where the emission 

shows a maximum intenity at a polarization angle of 90° and vanishes almost completely at 180°. High 

polarization contrast is an indicator of successful coupling of NCG strip thermal emission into the PhC cavity, 

which can be further characterized by suitable figures of merit, such as the enhancement factor and the 

coupling efficiency.  

 

Figure 6.4: NCG-based incandescent nanoemitter at room temperature (a) Experimentally recorded transmission 
spectrum of a cross-bar PhC device with an integrated NCG strip. A broadband light source (supercontinuum laser) was 
coupled into the waveguide using the 3D coupler port A and the transmitted signal was read out at port C. The order of 
the resonance modes is labeled. (b) Spectra of enhanced incandescent emission extracted from coupler C (red) and the 
NCG strip (blue). The device is electrically excited with 120 uA source-drain current and the emitted output is projected 
onto a polarization parallel to the TE mode, acquired at 300 K. [Adapted and reproduced with permission from 
reference[21], Springer Nature.] 

The cross-bar PhC cavity enables strong modification of NCG incandescent emission at cryogenic and at room 

temperature (Figure 6.4). Therefore, further measurements were performed in both regimes, at 77 K and 

300 K, respectively. The cross-bar PhC cavity provides on-resonance enhancement of NCG incandescent 

emission evanescently coupled into odd modes, obtaining maximum values of FIII = 80.6 at cryogenic and 

FIII = 112.7 and room temperature. These factors are experimentally determined as the ratio of the sum of on-

resonance integrated emission intensity outcoupled from couplers A and C to the free-space integrated 

intensity recorded confocally from the NCG strip junction at the corresponding resonance wavelength. 

Furthermore, we determine the on-resonance coupling efficiency (β-factor) as the ratio of enhanced emitted 
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light at resonance wavelength detected from couplers A and C to the sum of the integrated intensity of light 

detected confocally at thermal source and at the couplers, resulting in a peak value βIII = 98.7 % at 77 K and 

βIII = 99.1 % at 300 K. 

6.2.2 Electrically controlled electroluminescence from a SWCNT 

To electrically drive the SWCNT emitter, we embed (9, 8) SWCNTs (excitonic emission wavelength around 

1440 nm) at the single-tube level in between optimized NCG electrodes coupled to a cross-bar PhC cavity. The 

cavity region of the experimentally investigated device is shown in Figure 6.1d. The NCG electrodes serve as 

source and drain electrodes and the Si substrate underneath works as the back-gate electrode. The applied 

back-gate voltage produces a vertical electric field between the SWCNT and the Si substrate to capacitively 

control the carrier concentration of the SWCNT channel. In this three-terminal device configuration, photons 

can be emitted from the electrically driven SWCNT by a constant current biasing mode, and the device carrier 

concentration can be additionally tailored by the back-gate electrode. Electrons are injected at one 

SWCNT/NCG contact and holes at the other contact in a way that the carriers form excitons in the nanotube 

channel and radiatively recombine. Such an excitonic EL emission is maximized when the influx of electrons 

and holes into the channel are comparable, and the SWCNT channel is charge-neutral. For our device, this is 

the case when the source-drain voltage is maximal during a gate-voltage sweep under constant current bias 

(device in off-state, see Figure 6.6b). This scenario corresponds to the EL switched-on regime. The SWCNT is 

not charge-neutral anymore when the source-drain voltage is minimal (device in on-state). In this case, the 

excitonic EL emission is suppressed, corresponding to the EL switched-off regime. As a result, we demonstrate 

that the dynamically controlled emission intensity of the fundamental resonance mode provided that the EL 

emission could be switched by a gate voltage. The collected light in the waveguides is again outcoupled by 3D 

couplers and detected by an InGaAs photodiode linear array. 
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Figure 6.5: Simulated on-resonance LDOS enhancement spatial map and polarization map (a) Simulated LDOS 
enhancement spatial map of emitted EL from a SWCNT placed between NCG electrodes in a cross-bar PhC cavity. The 
PhC contains N = 25 holes in each Bragg mirror with a lattice period of a = 462 nm. The emitter is positioned in the cavity 
center and varied along the longitudinal direction. The position of the source along the x-direction is plotted normalized 
to the period a. (b) Spectra of EL emission detected at a 3D coupler C, projected onto different polarization angles. The 
white dashed line marks the polarization axis of all experimentally acquired spectra. [Adapted and reproduced with 
permission from reference[21], Springer Nature.] 

The central orientation of NCG electrodes and deposited SWCNT ensures efficient coupling of the emitted 

light preferentially into the odd resonance modes due to a locally enhanced density of states (Figure 6.5a and 

Figure 6.2b). The polarization-dependent measurement of the cavity emission is shown in the acquired map 

as a function of the polarization angle of the inserted polarizer illustrated in Figure 6.5b. The collected 

emission at coupler port C exhibits a maximum at a polarization angle of 90° and vanishes completely at 180°, 

which demonstrates that the TE-like EL signal is strongly polarized and successfully coupled into the PhC 

cavity. The horizontal line in white corresponds to the polarization axis of the acquired spectra from the 

couplers shown in Figure 6.6d. Biasing the SWCNT atop the cross-bar cavity region with simultaneously 

applied back-gate voltage (Ug = 20 V) leads to an enhanced excitonic emission coupled into the fundamental 

resonance mode, where this regime corresponds to the EL switched-on state. The measured spectrum 

outcoupled from coupler C is shown by the red curve in Figure 6.6d, while the simulated spectrum of light 

coupled out from one of the ends of the investigated PhC is shown in Figure 6.6a. Importantly, the utilized 

biasing current for the SWCNT is three-four orders of magnitude lower in comparison with the NCG strip 

thermal emitter described in the previous section, as well as in comparison with the reported incandescence 

of SWCNT[12]. The presence of the EL signal at the coupler of the PhC cavity, red curve in Figure 6.6d, and the 

simultaneous absence of the free-space EL signal at the position of the investigated SWCNT, green curve in 

Figure 6.6d, in the EL switched-on state (Ug = 20 V) of the demonstrated device confirm successful coupling 

of EL into the fundamental resonance mode of the PhC cavity. 
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Figure 6.6: Dynamic control of electroluminescence (EL) from cavity-integrated SWCNT (a) Simulated spectrum of light 
coupled out from one end of the cross-bar PhC cavity. (b) Gate-dependent charge transport measurement acquired at 
constant biasing current equals -90 nA. Forward and backward traces are shown. The yellow area corresponds to the 
regime where the excitonic EL emission is in the switched-on state. The red point corresponds to the electric acquisition 
point of the spectrum shown in (d). (c) Measured dependence of full-bandwidth coupling efficiency βint on source-drain 
current for several PhC devices. (d) The EL spectra of SWCNT coupled to the fundamental resonance mode at 1438.1 nm, 
acquired from coupler C of a PhC cross-bar device gated with gate-voltage Ug = 20 V (EL switched-on state), with 
Ug = 0 V(EL switched-off state), and the free-space EL recorded at the position of the SWCNT coupled to the cavity at 
Ug = 20 V of the same investigated device is shown by the green curve. Source-drain current is -90 nA. (e) EL excitation 
map of enhanced EL intensity integrated over the fundamental resonance mode (1430 – 1450 nm) outcoupled from 
coupler C of the explored device as a function of source-drain current and back-gate voltage. (f) Measured dependence 
of full-bandwidth enhancement factor Fint on source-drain current applied to the SWCNT for three cross-bar PhC devices, 
acquired at 77 K. Device 1 consists of N = 25 segments in each Bragg mirror with a lattice period of a = 462 nm; device 2: 
N = 35, a = 460 nm; device 3: N = 35, a = 455 nm. [Adapted and reproduced with permission from reference[21], Springer 
Nature.] 

Turning off the gate voltage (Ug = 0 V) results in strong suppression of the excitonic emission, the EL switched-

off state (blue curve) in Figure 6.6d. In order to demonstrate full control of the excitonic emission we acquire 

an electroluminescent excitation map shown in Figure 6.6e where the integrated EL intensity of the SWCNT 

coupled into fundamental resonance mode and detected at coupler C is plotted as a function of source-drain 

current and back-gate voltage. Figure 6.6b shows the source-drain voltage from the charge transport 

measurement as a function of the back-gate voltage that is required to maintain the fixed source-drain 

current. At a large positive back-gate voltage, the required source-drain voltage is large, and this corresponds 

to the regime when the device is charge-neutral, namely electrons and hole carrier density are similar. As 

described above this is the optimum condition for excitonic EL emission and yields the EL switched-on state. 

The transport data shows negligible hysteresis between the forward and backward sweeps due to the 

cryogenic environment (77 K)[70]. In addition, we demonstrate the EL switched-on state also at room 
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temperature as depicted in Figure 6.7, resulting in enhanced narrow linewidth EL coupled into fundamental 

resonance peaks in the spectrum. Notably, the reported free-space SWCNT (9, 8) EL linewidth at room 

temperature was 50 nm (30 meV) and was reduced to 20 nm (12 meV) at 77 K[70]. The EL linewidth is 

considerably wider than the linewidth of the PhC cavity (1.7 nm), which illustrates the successful coupling of 

EL into the mode and suppression of emission outside the cavity resonances. 

 

Figure 6.7: EL spectra of SWCNT coupled to a cross-bar PhC cavity at room temperature (a) Measured transmission 
spectrum of the hybrid device B1 with NCG electrodes before SWCNT integration. (b) Spectra of enhanced EL outcoupled 
from 3D coupler port C of device 1 in the switched-on regime at Ug = 20 V, acquired at 300 K. [Adapted and reproduced 
with permission from reference[21], Springer Nature.] 

As a proof of principle of our versatile approach of full electrical control of an electroluminescent SWCNT, we 

demonstrate in Figure 6.8 the experimental measurement of another hybrid device where the enhanced 

electroluminescence (which is coupled to a low-loss NCG photonic environment) is dynamically operated via 

back-gate voltage regulation. The electrically biased SWCNT with simultaneously applied back-gate voltage 

(Ug = -25 V) emits enhanced excitonic EL emission into the odd resonance modes of the cavity and the 

measured spectrum of light outcoupled from one of the ends (coupler C) of the investigated hybrid device is 

shown in Figure 6.8a (red curve). The data is obtained when the SWCNT is charge neutral, which corresponds 

to the EL switched-on state. Changing the gate voltage from -25 V to +30 V leads to a decrease in the intensity 

of the excitonic EL emission (light and dark green curves in Figure 6.8a). Switching the gate voltage to 

Ug = +30 V leads to complete suppression of the excitonic EL emission, corresponding to the EL switched-off 

state (blue curve in Figure 6.8a). Thus, we obtain dynamic control of the SWCNT enhanced EL emission with 

close to 100 % on-off ratio (depth) via active electrical operation of the back-gate voltage. 
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Figure 6.8: Dynamic control of EL from another cavity-integrated SWCNT device (a) The spectra of EL coupled to odd 
resonance modes at 1419.5 nm, 1434.4 nm, 1452.9 nm, acquired from coupler C of PhC cross-bar device gated with 
corresponding back-gate voltage. At Ug = -25 V – the EL is in the switched-on state (red curve) and at Ug = +30 V – the 
EL is in the switched-off state (blue curve). The biasing current is constant Isd = 30 nA. The cross-bar PhC cavity consists 
of N = 45 segments in each Bragg mirror with a lattice period of a = 457 nm. The resonance modes are labelled. (b) Gate-
dependent charge transport measurement acquired at constant biasing current Isd = 30 nA. Forward and backward 
sweep traces are shown. The transport data shows negligible hysteresis between the forward and backward sweeps due 
to the cryogenic environment (77 K). The yellow area corresponds to the regime, in which the excitonic EL emission is in 
the switched-on state. [Adapted and reproduced with permission from reference[21], Springer Nature.] 

The full-bandwidth enhancement factor Fint and coupling efficiency βint of the emitted EL signal are 

experimentally determined in the same fashion as with the incandescent NCG strip, integrated over the full 

wavelength of the signal. These figures of merits are derived for several cross-bar PhC devices with integrated 

SWCNT as shown in Figure 6.6c,f, respectively. The electrically-biased SWCNT emits linearly polarized 

electroluminescence which is aligned with the tube axis and therefore also aligned with the TE mode of the 

cavity. We find βint as high as 99.5 % and Fint up to 188. It should be noted that all experimentally investigated 

devices showed coupling of EL from SWCNT into the hybrid NCG-Si3N4 PhC cavities devices on-chip (Figure 

6.9). The experimental results testify to the stability and reproducibility of developed hybrid PhC devices with 

incorporated SWCNT on a chip. 
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Figure 6.9: Fabricated hybrid devices on-chip (a) Photograph of the chip (1 cm2) for fully dynamic electrical control of 
enhanced electroluminescent emission from SWCNTs. The chip area is 5.4 mm2. (b) Optical micrograph of NCG-Si3N4 PhC 
cavity devices equipped with 3D couplers. Scale-bar: 200 μm. [Adapted and reproduced with permission from 
reference[21], Springer Nature.] 

6.3 Summary 

The implementation of electrically driven emitters removes the need for an external excitation light source 

and on-chip optical filtering which is challenging when a high extinction ratio is required and increases the 

device footprint. The heterogeneous integration of SWCNTs with cross-bar Si3N4 PhC cavity devices provides 

a viable route toward electrically controlled nanoemitters with enhanced and narrow emission linewidth in 

the telecommunication band. In particular, the use of NCG electrodes enables seamless integration with loss-

sensitive photonic components, such as nanoscale cavities, and allows for the realization of reconfigurable 

photonic circuits. Our optimized fabrication protocol of combining the site-specific deposition approach and 

NCG electrodes provides not only the freedom to accurately position SWCNTs in a required region atop a 

photonic device, such as a PhC cavity, with negligible optical loss and degradation of the optical quality factor 

but also demonstrates reproducibility for photonic applications in the telecom band. Meanwhile, the 

implementation of NCG strip incandescent emitter offers the opportunity to experimentally probe the Local 

Density of States (LDOS). Therefore, the developed and demonstrated hybrid device addresses key challenges 

in advanced photonic circuits which require both optical and electrical control on the nanoscale. Besides 

applications in telecommunication, SWCNTs also provide promising characteristics for quantum photonic 

circuits. Cavity enhancement combined with low-loss electrical drive and additional electrical control via back-

gate configuration, SWCNTs may allow for realizing tailored single-photon sources in a chip-scale framework. 

With recent advances in boosting emission efficiency and emission characteristics by sp3 quantum defect 

engineering, our approach to site-selectively integrate SWCNTs in telecommunication photonic cavities 

provides promising avenues for hybrid quantum photonic circuits. 
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7 Conclusion and Outlook 

7.1 Conclusion 

In summary, the focuses of the thesis surround the study of the electroluminescence characteristics and the 

development of an on-chip electrical-driven quantum-light source in the telecom band based on the coupling 

of SWCNTs with sp3 quantum defects into a three-terminal device configuration. Firstly, we demonstrated 

tunable defect-induced electroluminescence spectroscopy results of SWCNTs with sp3 quantum defects at the 

single-tube level to lay the foundation of the thesis. Then, we conducted low-temperature photon 

antibunching measurements of functionalized SWCNTs by coupling filtered defect-state electroluminescence 

into HBT experimental setup as proof of principle of electrical-driven quantum-light sources in the telecom 

band based on SWCNTs. The last part of this work presented our versatile approach to full electrical control 

of electroluminescent SWCNTs in hybrid photonic circuits. By using NCG electrodes, we overcome the 

challenges of selectively low-loss integration of solid-state nanoemitter into photonic crystal cavities and 

advance in the development of photonic information processing systems. 

In Chapter 4, we performed defect-induced electroluminescence spectroscopy measurements of SWCNTs 

functionalized with dichlorobenzene molecules to form deep exciton traps and wired to graphene electrodes. 

We demonstrated the controllable excitonic and trionic defect-state electroluminescence via electrostatic 

gating at 77 K and validated the emission peak assignments by the correlation of electrical transport and 

photoluminescence data. Later, we also achieved defect-induced emission with high spectral purity, which is 

crucial for on-chip quantum sources. At cryogenic conditions (4 K), we revealed unconventional gate-

dependent satellite emission lines between intrinsic and defect-induced optical transitions attributed to 

phonon-mediated hot-exciton electroluminescence. Lastly, a comparison with photoluminescence spectra of 

chemically doped SWCNTs using gold(III) chloride solution exhibits not only the potential complexity of 

identifying emission due to charged excitons or localized excitons in defects but also the likelihood of naturally 

accessing the lowest energy defect configuration in electroluminescence. 

In Chapter 5, we first focused on the characterization of fiber-coupled SNSPDs, one of the key elements of the 

HBT setup. The comprehensive analysis encompasses performance metrics such as temperature-dependent 

current-voltage characteristics, dark count rates, detection efficiency, etc. Using picosecond pulsed laser and 

operating laser diode in the sub-threshold regime, respectively, to determine the system time jitter and 

internal time delay, provides valuable insights into the limitations of the photon correlation measurements. 

Finally, the first demonstration of excitonic and trionic defect-state single-photon emission from aryl-

functionalized (7, 5) SWCNTs through electrical excitation at 77 K represents a significant step towards 

practical quantum emitters. The analysis of simultaneously recorded electrical power and photon count rate 
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suggests further refinements of the current restrictions and paves the way for achieving electrical-driven 

room-temperature single-photon emission on a chip. 

In Chapter 6, we proposed a versatile hybrid platform to address challenges associated with external light 

source excitation and on-chip optical filtering for integrated photonic circuit development. The 

heterogeneous integration of pristine (9, 8) SWCNTs with Si3N4 photonic crystal cavity devices, facilitated by 

NCG electrodes, offers a promising route for electrically controlled solid-state nanoemitters with enhanced 

emission characteristics. We achieved full electrical dynamic control of the enhanced electroluminescent 

emission in the telecom band by back-gate voltage regulation. The use of NCG electrodes allows precise 

positioning of SWCNTs with negligible optical loss. The potential for experimental probing of the Local Density 

of States (LDOS) through NCG strip incandescent emitters within the cavity center further outlines the 

versatility of the hybrid device. This fabrication protocol of combining site-selective deposition and low-loss 

NCG electrodes offers scalability and reproducibility for photonic applications in the telecom band. 

 

7.2 Outlook 

At the end of Chapter 4, we presented narrow defect-state electroluminescence with high spectral purity 

from single-tube SWCNTs with sp3 quantum defects by altering the electrical excitation parameters, mostly 

via electrostatic gating, which can potentially show single-photon emission behavior. However, there is still 

plenty of room for device operation optimization, for instance studying the electrical excitation power 

dependence on the spectral purity of defect-state emission. A similar exploration of the SWCNT device 

channel length effect on the defect-state emission properties, such as the broadness of emission peak as 

reported in pristine SWCNT devices[160,161], is also missing. These further investigations could lead to more 

robust electrical-driven single-photon emission, yet can be understandably challenging since the sp3 defect 

number/density varied from nanotube to nanotube. To the best of our knowledge, direct visualization of sp3 

quantum defects on the sidewall has not yet been reported. Additionally, our work didn’t resolve some open 

fundamental questions, for instance, whether the positive and negative trionic defect-state emission exhibit 

similar energy shifts from the excitonic defect-state emission. The observed likelihood of preferential probing 

of the lowest transition energy of neutral defect-state configuration in electroluminescence measurements 

may also be worth further validation, and potentially bring insight into the fundamental mechanism of defect-

state emission via electrical or optical excitation. 

Despite the observation of electrically driven single-photon emission from functionalized (7, 5) SWCNTs in 

Chapter 5, the unacceptable lengthy data acquisition time and the only acceptable signal-to-noise ratios of 

the coincidence histograms, imply the direction of future progress. Here, we discuss and demonstrate how to 
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improve experimental and device performance for further advancing in an on-demand electrically driven 

room-temperature single-photon source. One of the approaches is to improve the emission stability. For 

instance, the suppression of potential spectral wandering due to the fluctuating environment[327] might have 

avoided the clear substantial photon count rate drop in Figure 0.1 of the Appendix. Since the defect-state 

electroluminescence in our case mainly originates from radiative carrier recombination of excitons, operating 

the device under stable conditions for exciton formation would be critical. However, hysteresis is, for 

example, one of the notorious issues for device stability of low-dimensional carbon-based transistors. It is 

often attributed to the presence of water molecules[314,328] or capacitive charging of the filling and depleting 

traps in the surrounding dielectric by charge injection[329–331]. A demonstration was represented in Figure 7.1 

where 30 nm polytetrafluoroethylene (PTFE), Teflon, was coated on the SWCNT device via liquid-phase 

deposition[205], see Section 3.1.2. The electroluminescence spectrum and corresponding intensity correlation 

measurement histogram generated with 12 ps bin sizes at 77 K are shown with other supplementary results 

in Figure 7.2.  

 

Figure 7.1: Intensity correlation measurement with polytetrafluoroethylene (PTFE) coating (a) The 
electroluminescence spectrum of a functionalized (7, 5) SWCNT device coated with 30 nm Teflon measured at 77 K under 
constant source-drain current -2 nA. The spectrum was fitted with Voigt functions and overlapped with the transmission 
spectra (grey area) of the spectral filter. The filtered light emission was then coupled into the HBT setup for the intensity 
correlation measurement (b) The coincidence histogram measured at 77 K by collecting spectrally filtered 
electroluminescence. The histogram was built with a 12 ps time resolution. The fitting curve is presented showing photon 
antibunching. The dashed grey lines served as a guide for the eye for the second-order correlation function at zero-time 
delay equals 0.5.  
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Figure 7.2: Photon count rate and electrical excitation time trace with Teflon coating (a) The collected photon count 
rates, 3.92±1.40 kcps, over 20 ks for the intensity correlation measurement under constant source-drain bias -2 nA of a 
functionalized (7, 5) device coated with 30 nm Teflon. (b) The accumulated histogram of the acquired photon count rates 
plotted with a bin size of 200 cps. (c) The time trace of dissipated electrical power for the intensity correlation 
measurement. 

Although still far from ideal, some improvements could be noticed, such as reduced electrical noise. A 

comparison between the simultaneously recorded electrical noise time trace of functionalized SWCNT devices 

with or without a PTFE layer is in Figure 7.3. As the ultimate goal of passivation was to operate the device 

reliably at room temperature, room-temperature transconductance curves, and electroluminescence spectra 

can be seen in Figure 7.4. With Teflon coating, clear suppression of hysteresis in the transconductance curves 

could be observed within the same gate-voltage sweep range. Room-temperature electroluminescence with 

narrow emission lines was also achievable. The emission intensity and stability were, however, still not 
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comparable to results at cryogenic temperature. Device/substrate treatment[332,333] or device 

measuring/triggering technique[334] to decouple SWCNT/surrounding dielectric interaction may be necessary 

for further enhancing the device/emission stability. 

 

Figure 7.3: Electrical noise of the recorded source-drain voltage (a) The electrical noise (standard deviation of the 
recorded source-drain voltage) time trace of a functionalized (7, 5) SWCNT device shown in Figure 5.19 derived by 
subtracting the mean value of the DC bias and (c) for a SWCNT device with 30 nm Teflon deposition as demonstrated in 
Figure 7.2. The applied constant source-drain current and the mean value with the standard deviation of the DC bias 
were noted in the figures. (b), (d) Histograms of the electrical noise time trace plotted with a bin size of 0.2 V. Fitting 
curves with a normal distribution were overlaid. 
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Figure 7.4: Room temperature measurement of devices with Teflon coating (a) Transconductance characteristics of 
functionalized (7, 5) SWCNT devices measured at room temperature and (b) at 77 K with or without 30 nm Teflon 
deposition for improving device stability by suppressing hysteresis[205]. Constant source-drain voltage with a gate voltage 
sweep of ±4 V was applied. The source-drain bias was -7 V at RT and -3 V at 77 K for device without Teflon, and 1 V at RT 
and 3 V at 77 K for Teflon coated device. (c), (d) Room temperature electroluminescence spectra from devices with 
Teflon layer coated. The devices were excited by constant source-drain currents of -6 nA and -5 nA respectively. Spectra 
were fitted with Voigt functions. 

Another approach may be attempted as an extension work of Chapter 6 to improve the data quality of second-

order correlation function measurement of electrically driven single-photon emission, is to shorten the long 

acquisition time by focusing on boosting the light-collecting efficiency and/or the emission brightness without 

worrying too much about the spectral purity and emission stability. For instance, we have demonstrated that 

integrating SWCNTs into cross-bar Si3N4 photonic crystal cavity devices with NCG electrodes, in which 3D 
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couplers[324] were printed at the end of the nanowaveguides for emission outcoupling, not only increases the 

radiative emission rate but reduces the collection loss in a free-space microscopic system. In our previous 

work, we estimated around 20 % of emitted photon collection for 1400 – 1600 nm emission wavelength in 

free space with an objective (NA = 0.6)[70]. On the other hand, the coupling efficiency of waveguide-integrated 

light emission[11,256] was reported around 60 % and even above 98 % for on-resonance coupling efficiency[21] 

in the thesis. An additional advantage of integrating into photonic cavities is that they also act as a built-in on-

chip filter of the photonic device for spectral cleaning[88]. Although according to the Purcell effect[322], the 

emission rate enhancement (accelerated decay rate) in the cavity would indicate lifetime reduction as well, 

in principle, it should not be an issue providing the usage of low-jitter superconducting single-photon 

detectors. 
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Appendix 

Calculations of normal-mode frequencies 

The normal-mode frequencies simulation in Figure 4.16 was kindly done by our collaborator, Prof. Dr. Karin 

Fink, from Karlsruhe Institute of Technology as described in the following: 

Density functional theory (DFT) calculations using the PBE functional and the def2-SVP basis set[335] were 

performed applying the program package TURBOMOLE,[336] with the following settings: grid 4, scfconv 7. The 

resolution of the identity approximation was used to accelerate the calculations of the Coulomb interactions. 

As a model system for 3,5-dichlorobenzene-functionalization, a C54H18 flake was used as a substrate. For the 

adsorption, three different situations were considered. a) adsorption of a 3,5-dichlorophenyl anion, b) the 

same in presence of hydrogen close by, and c) adsorption of a 3,5-dichlorophenyl radical. The structure of the 

flake was optimized under the assumption of C6h symmetry, the structures with adsorbates in C1 symmetry. 

For all optimized structures, analytical vibrational frequencies were calculated. In none of the cases, negative 

force constants were observed proving that all structures are local minima. 

Redox-chemical doping of SWCNT suspensions 

The redox-chemical doping measurement in Figure 4.18 was kindly performed in collaboration with Martina 

Wederhake and valuable input from Dr. Friedrich Schöppler and Prof. Dr. Tobias Hertel, from Julius Maximilian 

Universität Würzburg as described in the following: 

Redox-chemical doping (p-doped) of the SWCNT suspensions was performed by titration with gold(III) 

chloride solution (Sigma-Aldrich, ≥ 99.99 %) using 10:1 (v/v) toluene to acetonitrile solvent mixture for both 

SWCNT suspensions and redox solutions. The addition of acetonitrile is required to improve gold(III) chloride 

solubility. The PL spectra were recorded using a custom-built setup, with a supercontinuum light source 

(SuperK Extreme EXR-15, NKT Photonics), equipped with a variable band-pass filter (SuperK Varia, NKT 

Photonics). 650 nm (640 – 660 nm) laser light was used for the excitation of the SWCNTs in the visible region. 

A cuvette with a 10 mm path length, containing the SWCNT suspension (OD(E11) = 0.2, 500 µL starting volume) 

was placed in the focus of the excitation laser. Near-infrared PL was collected at 90° off-axis. Scattered 

excitation light was blocked from entering the spectrograph by a 900 nm long-pass filter. After spectrally 

dispersing the emitted fluorescence using an F/4, 303 mm focal length Shamrock (SR-303i, Andor) grating 

spectrograph with a 150 lines/mm grating, the PL was detected by a thermo-electrically cooled InGaAs array 

(iDus PDA DU49-1.7, Andor). Spectra were corrected for dilution induced by the addition of gold chloride 

solution, as well as for grating and detector sensitivities. 
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Supplementary results of the photon correlation measurement at 77 K 

 

Figure 0.1: Photon count rate and excitation power time traces with 1300 nm band-pass (BP) filter (a) The collected 
photon count rates over the period of intensity correlation measurement under a constant 2 nA source-drain bias of a 
functionalized (7, 5) device at 77 K with a 1300 nm band-pass filter (FBH1300-12, Thorlabs), as shown in Figure 5.15a,b. 
The average count rate and the standard deviation are 4.37±4.03 kcps over 28 ks. The clear constant drop of count rate 
after around 14 ks may relate to spectral wandering due to the fluctuating environment[327]. (b) The accumulated 
histogram of the acquired photon count rates plotted with a bin size of 500 cps. (c) The simultaneously recorded 
excitation power time trace for the intensity correlation measurement. 
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Figure 0.2: Photon count rate and excitation power time traces with 1200 nm band-pass (BP) filter (a) The collected 
photon count rates over the period of correlation measurement under constant source-drain bias between 5 to 8 nA of 
a functionalized (7, 5) device at 77 K with a 1200 nm band-pass filter (FBH1200-10, Thorlabs), as shown in Figure 5.15c,d. 
The average count rate and the standard deviation are 2.78±2.02 kcps over 78.5 ks. (b) The accumulated histogram of 
the acquired photon count rates plotted with a bin size of 450 cps. (c) The simultaneously recorded excitation power 
time trace for the intensity correlation measurement. Constant source-drain bias from 5 to 8 nA was applied and the 
grey dashed lines separate different current bias regions. 

Low-loss cavity-compatible nanocrystalline graphene electrodes 

The experiments were kindly performed in collaboration with Dr. Anna Ovvyan. 

A key ingredient to our approach consists of the engineered NCG-SWCNT heterojunction atop the cross-bar 

cavity region. Since the electrodes are required to reach closely into the center of the cavity to drive the 

SWCNT (Figure 6.1d) and can potentially affect the resonance modes, we replaced conventional metallic 
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electrodes with NCG electrodes atop the cavity. The benefit of using NCG electrodes compared to gold 

electrodes is shown in Figure 0.3. The insertion loss characterized via transmission measurements of the 

cross-bar structure increases with increasing cross-bar width as shown in Figure 0.3a. While insertion losses 

at junctions without electrodes are as low as 0.046 ± 0.006 dB/cross (red data points), they reach 

0.084 ± 0.007 dB/cross for NCG electrodes and 1.050 ± 0.021 dB/cross for gold electrodes for a cross-bar 

width of 200 nm at a wavelength of 1550 nm. We note that insertion losses at a wavelength of 1490 nm show 

a similar trend. The effect of the electrode material on the Q-factor of a cross-bar PhC cavity is shown in Figure 

0.3c. We find that the influence of NCG electrodes on the Q-factor is negligible, which can be seen by 

comparing the green and red curves, corresponding to similar cavities with NCG and without deposited 

electrodes, respectively. In contrast, gold electrodes decrease the Q-factor of the III-order resonance mode 

by more than 4.9 - 7.8 times, depending on the cross width. Increasing the width of the cross-bar wcr leads to 

a decrease in the Q-factor for all considered cases. We note that the measured Q-factor was limited by the 

resolution of the spectrometer as well as the coherence length of the employed supercontinuum light source. 

 

Figure 0.3: Low-loss NCG electrodes embedded within a photonic crystal (PhC) cavity (a) Measured insertion loss of 
cavity cross-bar structures without electrodes (red), with integrated NCG electrodes (green), and with gold electrodes 
(blue). The error bar was calculated by measuring the total loss through a device with multiple electrodes in dependence 
on the number of electrodes and fitting the result by linear regression. (b) SEM images of cavity cross-bars (from the left) 
without electrodes, with 5 nm thick NCG electrodes, and with 120 nm thick gold electrodes. (c) Dependence of the Q-
factor of the III-order resonance mode of a cross-bar PhC cavity on the width of the cross-bar without electrodes (red), 
with NCG (green), and gold (blue) electrodes. (d) SEM image of the cavity region of a cross-bar PhC device equipped with 
NCG (left) and gold (right) electrodes. 
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Electron temperature of a NCG-based incandescent nanoemitter  

We experimentally measured the free-space incandescent emission spectrum of an electrically biased NCG 

strip placed on a Si3N4 waveguide (similar device design as shown in Figure 6.3c, but without a PhC cavity). 

The detected monotonic thermal spectrum (red curve) is shown in Figure 0.4. Importantly, in our experiments, 

the utilized NCG strip (thickness 5 nm) is placed on a Si3N4 cavity or waveguide (the NCG strip is not 

suspended). These findings allow us to assess that NCG strip infrared emission results from an electronic 

temperature since there is no significant non-equilibrium phonon distribution present[326,337]. 

Thus, we fit the incandescent emission of the biased NCG strip at an applied electrical power of 2.87 mW (red 

curve in Supplementary Fig. 8a) with a grey-body theory (Planck’s law, modified by an emissivity), and 

determine the electron temperature of NCG − Te of ~ 1000 K, as indicated by the dashed blue curve in Figure 

0.4.  

𝐼(λ, T) = ε (
2𝜋ℎ𝑐2

λ5 )
1

exp (
ℎ𝑐

λ𝑘𝐵𝑇
− 1)

 

Here we use the spectral energy density of thermal radiation from NCG strip 𝐼(λ, T) , Planck constant 

ℎ =6.626x10-34 (J⋅s), Boltzmann constant 𝑘𝐵 =1.38x10-23 (J/K), electron temperature of NCG strip T (𝐾), 

wavelength of the emitted photons λ, speed of light 𝑐, emissivity of NCG strip ε (≈ 0.25)[326,338]. 

 

Figure 0.4: Emission spectrum of a NCG strip nanoemitter on a Si3N4 waveguide (a) Recorded free-space thermal 
emission spectrum of an electrically biased NCG strip using a source-drain current of 70 uA. The spectrum from the NCG 
strip was acquired with the polarizer parallel to the TE mode of the waveguide. The waist of the NCG strip is 250 nm in 
width. The drop of the detected intensity around λ = 1600 nm is due to the cut-off of sensitivity of the InGaAs 
photodiode. The blue dashed curve refers to the greybody fit to the spectrum at the extracted temperature T = 1000 K 
according to equation, where the fully fitted spectrum is shown in (b). 
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