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Preface

With wave-particle duality and the quantization of light, the first quantum revolution enabled the
advent of modern devices from transistors to lasers. Now we are on the verge of a second quantum
revolution with devices that are able to generate, manipulate and measure the quantum states of light.
Quantized electromagnetic field consists of discrete particles known as photons and a single photon
is one such quantum state of light. Single photon sources are essential for realizing quantum techno-
logies like quantum communication, quantum computation, quantum simulation and quantum sens-
ing. They are ideally required to have pure single photon emission with higher on-demand emission
rate and identical photon wave packets. A two-level system is the main building block of photonic
quantum technologies that can create pure & indistinguishable single photons. Attenuated lasers
or weak coherent pulses as single photon sources are probabilistic in nature and they are not ideal
two-level quantum emitters. Heralded single photon sources using spontaneous parametric down-
conversion set the benchmark for single-photon technology, but they are also probabilistic in nature,
and are therefore not scalable and have lower brightness. The generation of single photons by two-
level system like atoms are not reliable and less efficient with lower operation rates. On the other hand,
solid-state emitters such as color centers or defects in crystalline hosts, carbon nanotubes, transition
metal dichalcogenides, epitaxial or self-assembled quantum dots and colloidal nanocrystals (NCs) or
colloidal quantum dots (QDs) are attractive as non-classical light sources because of the scalability
of their host matrix system and their ‘on-demand’ emission. Among these, colloidal QDs stand out
since they offer an extensive design freedom that can be prepared economically (both at the level of
nanocrystal synthesis and device integration) as well as room temperature operation. This dissertation
discusses how colloidal InP QDs fare in this aspect.

The nanoscale light-matter interaction for realizing quantum photonics comprises the central part of
this dissertation. Thematter being the NCs prepared from the bottom-up approach usingwet-chemical
synthesis. Colloidal NCs synthesized in solution phase are surrounded by capping agents to prevent
uncontrolled growth and agglomeration of the nanoparticles. NCs are nothing but a collection of peri-
odically arranged atoms (100-10000) with the dimension in the scale of few nanometers, making their
optical properties somewhere between the bulk material and molecules. The overlap of fewer numbers
of atomic orbitals in NCs results in discrete levels instead of energy bands, called quantized energy
levels. NCs made of a semiconductor have an energy bandgap between highest occupied level (ori-
ginating from the valence band of bulk) and lowest unoccupied level (originating from the conduction
band of bulk). When a photon having certain energy equal or above this energy gap is absorbed by
the NC, an electron transit from the ‘ground’ state to ‘excited’ state forming a quasi-particle electron-
hole pair state, also known as exciton. The exciton relaxes back after over an average time called as
fluorescent lifetime, releasing a photon. When the size of the NC is smaller than the bulk exciton
Bohr radius, the confinement energy of both electron & hole is larger than their Coulomb interaction
energy and this regime of operation is called as strong confinement. Due to quantum confinement
effect, reducing the size of NCs increases their energy bandgap which makes it possible to tune the
light emission wavelength to smaller values. NCs are also called artificial atoms due to their discrete
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nature of energy levels and are also referred to as QDs because of the quantum confinement in all
three dimensions.

The light emission in QDs can be observed in both spectral and time domain, from which it can be
inferred that the relaxation pathway is not simple with the contribution of both radiative and non-
radiative recombinations. Ensemble spectra are inhomogeneously broadened due to the size disper-
sion. Even when observing single QDs after spatial dilution, slow time-evolutions compared to the
emission lifetime (usually in the order of nanoseconds) influence the emission spectra observed in
typical experimental settings (in the order of seconds). These slow time-evolutions called as spectral
diffusion, which are mostly due to charge trapping in the QDs and their surroundings, lead to an
effective inhomogeneous broadening. Further the lowest exciton emission line, much similar to the
atomic fine structure spectral lines, consists of several splitted states due to electron-hole exchange
interaction with their different spin configurations and the anisotropical shape of the QD. At room
temperature, the homogeneous lineshape is typically dominated by phonon-induced broadening in
the order of 10-100 meV which is much larger than the lifetime limited natural broadening in the
µeV range. Reducing the temperature, the lattice vibrations are frozen out and the above discussed
details in the emission spectra can be observed on a single QD. Key inhibiting factors in using col-
loidal QDs for quantum photonics are described as bleaching (fluorescence emission stops after some
time), blinking (fluorescence intermittency), and jittering (fluorescence energy shift with time). Pho-
toluminescence quantum yield (PLQY), a measure of the number of photons emitted as a fraction of
the number of photons absorbed, is lower in QDs because of the surface trap sites. Much progress
has been made in improving the optical properties of QDs with hetero-structures approaching 100%
PLQY. Here, the core material is encapsulated by a shell of a semiconductor with higher bandgap that
prevents the ground-state exciton wavefunctions from reaching the surface.

Ever since the QDs were synthesized economically in colloidal solution form, the scientific interest in
the fundamental understanding of their optical properties has been anything but stagnant. The syn-
thesis protocols have been molded time and again aimed at several applications from bio-implants to
television displays. Both the fundamental knowledge of optical properties in QDs and the improve-
ment in their synthesis with a precise ‘engineered’ control of dimensions, shape and composition has
been achieved with the detailed study on CdSe QDs belonging to II-VI group for visible wavelength
range and PbS QDs belonging to IV-VI group for infrared wavelength range. The rising concern over
using the heavy metal ions in the end user applications have necessitated the synthesis of QDs con-
stituted of nontoxic and earth-abundant materials. One of the promising alternative semiconductor
material in the visible-near infrared range is InP belonging to III-V group. Though indium belong to
smaller earth abundant material, it does not have the toxicity of Cd. For convenience, CdSe QDs are
taken as prototypical material in comparison to explain the optical properties of InP. The first differ-
ence is the cubic (zincblende) crystal structure in InP whereas it is hexagonal (wurtzite) structure for
CdSe where there is an additional in-built crystal field splitting contributing to the fine structure. Note
that the CdSe QDs can also be synthesized with a zincblende structure. In contrast to ionic bonds in II-
VI group materials like CdSe, InP belonging to III-V group has a more covalent bond formation which
is stronger and thus requires a high temperature, longer reaction times and more reactive precursors
for their synthesis. InP is prone to oxidation, requiring stringent air-free conditions during synthesis
and subsequent protection with an appropriate shell material. InP QDs have traditionally broader en-
semble emission spectra and larger Stokes shifts than the counterpart CdSe QDs. The reason for this
is still under discussion with reasons including polydispersity or fine structure or vibrational contri-
bution or emission from trapped states. InP has a larger exciton Bohr radius of about 10 nm (1.35 eV
bandgap) compared to about 5 nm (1.7 eV bandgap) in CdSe and thus they could experience a stronger
quantum confinement effect for a similar sized QD. This could explain the broadened ensemble emis-
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sion spectra in InP compared to CdSe since a mere change in the size distribution could result in a
shift in the peak emission energies. Though it is difficult to predict the size-dependent energies owing
to their oxidation and poor contrast in TEM images, some studies observed a steeper relation between
the bandgap and size in InP compared to CdSe. Such discrepancies call for a more in-depth study on
the exciton properties in InP QDs. Here in this dissertation, InP QDs synthesized using an economical
aminophosphine-based precursor enabling to work under ambient condition are studied. Regarding
the shell, a type I heterostructure is more suitable for single photon emission with both the charge
carriers confined within the core giving a larger spatial overlap and thus stronger radiative coupling.
In this respect, the InP/ZnSe core/shell combination is interesting for quantum photonics. It features
a similar, type I band alignment as CdSe/ZnS, yet the InP/ZnSe lattice mismatch amounts to a mere
3%, in stark contrast to the 12% mismatch between CdSe and ZnS. InP/ZnS is also a type I structure
with higher barriers but with a lattice mismatch of 7.7%. InP/ZnSe heterostructure QDs are studied in
this dissertation.

The fundamental properties of the material to be used for any applications need to be well known
and this dissertation is aimed at further proliferating the interest in using the ‘economically’ synthes-
ized colloidal QDs for quantum photonics amid a strong competition from already established, yet
expensive, epitaxial or self-assembled QDs and other solid state materials. As described before, an
ideal quantum emitter interacts only with the electromagnetic environment producing indistinguish-
able photons having a lifetime-limited spectral distribution, while the additional interaction with vi-
brational degrees of freedom and the environment results in more complex spectral features in QDs.
The fundamental properties of excitons in visible-wavelength emitting InP/Znse QDs under optical
excitation are addressed in this dissertation. InP/ZnSe QDs are characterized at room & cryogenic
temperatures from the ensemble down to the single QD level using various spectroscopy methods and
theoretical models. This dissertation answers the following questions listed in the order of chapters:
“What role the QD has in nanotechnology?, How efficient is the single photon emission from InP/ZnSe
QDs? How the electronic level structure looks like?, Which factors influence the decoherence in exciton
emission ultimately limiting the homogeneous linewidth?, How do the charge fluctuations affect the op-
tical properties in QDs?, and, Is it possible to have an integrated single photon source based on colloidal QD
in silicon chip?.” In the conclusion, selection criteria for colloidal QDs for use as single photon sources
are devised from the experimental results here and also from the literature review of performances
of other colloidal NCs. Further, possible future directions & suggestions in using colloidal NCs for
quantum photonics, for instance single photon sources as random number generators at room tem-
perature, are discussed. While the quantum territory is gargantuan to be covered in its entirety and
the photophysical mechanism behind the exciton properties differ from one material to another, this
dissertation limits itself in explaining the mechanisms behind the ‘behavior’ of InP/ZnSe QDs that
could be used as a model system to emulate for other types of colloidal QDs as well to be ultimately
used for quantum photonics.





Voorwoord

Met dualiteit van golfdeeltjes en de kwantisatie van licht, maakte de eerste kwantumrevolutie de komst
van moderne apparaten mogelijk, van transistoren tot lasers. Nu staan we aan de vooravond van een
tweede kwantumrevolutie met apparaten die in staat zijn de kwantumtoestanden van licht te gener-
eren, manipuleren en meten. Een gekwantiseerd elektromagnetisch veld bestaat uit afzonderlijke
deeltjes die bekend staan als fotonen en één enkel foton is een dergelijke kwantumtoestand van licht.
Zogenaamde single photon sources, zijn in staat één enkel foton uit te sturen en zijn essentieel voor het
realiseren van kwantumtechnologieën zoals kwantumcommunicatie, kwantumberekening, kwantum-
simulatie en kwantumdetectie. Single photon sources worden gekenmerkt door zuivere enkelvoudige
fotonenemissie met een hoge emissiesnelheid en identieke fotonengolfpakketten. Een systeem met
twee niveaus is de belangrijkste bouwsteen van fotonische kwantumtechnologieën die zuivere en
niet te onderscheiden afzonderlijke fotonen kunnen creëren. Geattenueerde lasers of zwakke coher-
ente pulsen als afzonderlijke fotonenbronnen zijn probabilistisch van aard en zijn geen ideale kwan-
tumemitters met twee niveaus. Gekende single photon sources die gebruik maken van spontane para-
metrische fluorescentie zetten de maatstaf voor de single photon technologie, maar ze zijn ook probab-
ilistisch van aard en zijn daarom niet schaalbaar en hebben een lagere helderheid. Het genereren van
afzonderlijke fotonen door een systeem met twee energieniveaus zoals bevoorbeeld atomen is ook
niet betrouwbaar en minder efficiënt met lagere snelheden. Anderzijds zijn vaste-stofstralers zoals
kleurcentra of defecten in kristallijne gastheren, koolstofnanobuizen, transitiemetaaldichalcogeniden,
epitaxiale of zelf-geassembleerde kwantumstippen en colloïdale nanokristallen (NK’en) of colloïdale
kwantumstippen (QD’s) aantrekkelijk als niet -klassieke lichtbronnen vanwege de schaalbaarheid van
hun hostmatrixsysteem en hun ‘on-demand’-emissie. Tot deze categorie horen colloïdale QD’s. Deze
QD’s zijn opvallend door een uitgebreide ontwerpvrijheid en economische toegankelijkheid zowel op
het niveau van nanokristalsynthese en apparaatintegratie. Dit proefschrift bespreekt colloïdale InP
QDs met betrekking tot hun prestatie als single photon sources.

De licht-materie-interactie op nanoschaal voor het realiseren van kwantumfotonica vormt het centrale
deel van dit proefschrift. Het gaat hier om de NK’en die zijn voorbereid met behulp van nat-chemische
synthese. Colloïdale NK’en gesynthetiseerd in oplossingsfase worden omgeven door moleculaire lig-
anden om ongecontroleerde groei en agglomeratie van de nanodeeltjes te voorkomen. NK’en zijn
niets anders dan een verzameling periodiek gerangschikte atomen (100-10000) met de afmeting in de
schaal van enkele nanometer, waardoor hun optische eigenschappen ergens tussen degene van een
bulkmateriaal en moleculen liggen. De overlap van een gelimiteerd aantal atomaire orbitalen in NK’en
resulteert in discrete, gekwantiseerde energieniveaus in plaats van energiebanden. NK’en gemaakt van
een halfgeleider hebben een energiebandafstand tussen het hoogste bezette niveau (afkomstig van de
valentieband van bulk) en het laagste onbezette niveau (afkomstig van de geleidingsband van bulk).
Wanneer een fotonmet een bepaalde energie gelijk aan of groter dan deze energiekloof wordt geabsor-
beerd door het NK, gaat een elektron over van de ‘grond’-toestand naar de ‘geëxciteerde’-toestand en

Translation by Mr. Jari Leemans, Ghent University, Belgium
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vormt een elektron-gat quasideeltje, ook bekend als exciton. Dit exciton relaxeert na een gemiddelde
fluorescentielevensduur, waarbij een foton wordt uitgestraald. Wanneer de grootte van het NK kleiner
is dan de exciton Bohr-straal van het bulkmateriaal, is de opsluitingsenergie van zowel elektron en
gat groter dan hun Coulomb interactie-energie en dit regime van werking wordt strong confinement
genoemd. Vanwege het quantum confinement effect vergroot het verkleinen van een NK zijn ener-
giebandafstand waardoor de lichtemissiegolflengte kleinere waarden aanneemt. NK’en worden ook
kunstmatige atomen genoemd vanwege hun discrete aard van energieniveaus en worden ook QD’s
genoemd vanwege het quantum confinement effect in alle drie dimensies.

De lichtemissie in QDs kan worden waargenomen in zowel spectraal als tijdsdomein, waaruit kan
worden afgeleid dat de relaxatieroute niet eenvoudig is met de bijdrage van zowel stralende als niet-
stralende recombinaties. Ensemblespectra worden inhomogeen verbreed vanwege de spreiding aan
groottes van de NK’en. Zelfs bij het waarnemen van afzonderlijke QD’s na ruimtelijke verdunning,
hebben langzame tijdevoluties in vergelijking met de emissielevensduur (meestal in de orde van nano-
seconden) invloed op de emissiespectra waargenomen in typische experimentele condities(in de groot-
teorde van seconden). Deze langzame tijdsevoluties die worden aangeduid als spectrale diffusie, die
meestal het gevolg zijn van niet gedelokaliseerde elektronische toestanden in de QD’s en hun omgev-
ing, leiden tot een effectieve inhomogene verbreding. Verder bestaat de laagste exciton-emissielijn,
die veel lijkt op de fijnstructuur van atomaire spectrale lijnen, uit verschillende gesplitste toestanden
vanwege elektron-gatuitwisselingsinteractie met hun verschillende spinconfiguraties en de anisotrope
vorm van de QD. Bij kamertemperatuur wordt de homogene lijnvorm meestal gedomineerd door
fonon-geïnduceerde verbreding in de orde van 10-100 meV die veel groter is dan de natuurlijke ver-
breding omwille van de levensduur van de toestand. Door de temperatuur te verlagen, worden de
roostertrillingen bevroren en kunnen de hierboven besproken details in de emissiespectra worden
waargenomen op een enkele QD. Belangrijke remmende factoren bij het gebruik van colloïdale QD’s
voor kwantumfotonicaworden beschreven als bleken (fluorescentie-emissie stopt na enige tijd), knipperen
(fluorescentie-intermittency) en spectrale verschuiving (fluorescentie-energieverschuiving met de tijd).
De fotoluminescente kwantumopbrengst (PLQY) is een maat voor het aantal uitgezonden fotonen
als een fractie van het aantal geabsorbeerde fotonen en is lager in QD’s omwille van gelokaliseerde
elektronische toestanden aan het oppervlak van de QD’s. Er is veel vooruitgang geboekt bij het ver-
beteren van de optische eigenschappen van QD’s met heterostructuren die 100% PLQY benaderen.
Hier wordt het fluorescente materiaal ingekapseld door een schil van een halfgeleider met een hogere
energy gap die voorkomt dat de excitongolffuncties in de grondtoestand het oppervlak bereiken.

Omdat deQD’s economisch in de vormvan een colloïdale oplossing zijn gesynthetiseerd, is dewetenschap-
pelijke belangstelling voor het fundamentele begrip van hun optische eigenschappen allesbehalve
stilstaand. De synthese-protocollen zijn keer op keer gevormd voor verschillende toepassingen, van
bio-implantaten tot televisieschermen. Zowel de fundamentele kennis van optische eigenschappen in
QD’s als de verbetering in hun synthese met een precieze controle van afmetingen, vorm en samen-
stelling is bereikt met de gedetailleerde studie van CdSe QD’s voor zichtbaar golflengtes en PbS QD’s
voor infrarood golflengtes. De toenemende bezorgdheid over het gebruik van de zware metaalionen in
de eindgebruikerstoepassingen heeft de beschikbaarheid van QD’s nodig gemaakt die uit niet-toxische
en abundante materialen bestaan. Een van de veelbelovende alternatieve halfgeleidermaterialen in
het zichtbare tot nabij-infraroodbereik is InP behorende tot de III-V-groep. Hoewel indium weinig
abundant is, is het veel minder toxisch dan Cd. Omwille van de kennis omtrent CdSe QD’s, worden
deze hier als benchmark systeem genomen om de optische eigenschappen van InP in kaart te bren-
gen. Opmerkelijke verschillen zijn de kubieke (zinkblende) kristalstructuur in InP, terwijl CdSe vaak
een hexagonale (wurtziet) structuur vertoond, waarbij er een extra ingebouwde kristalveldsplitsing
is die bijdraagt aan de fijnstructuur van emissielijnen. In tegenstelling tot chemische bindingen in
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CdSe die een grootte ionaire bijdrage hebben, heeft InP behorende tot III-V-groep een meer covalent
kristalrooster waardoor hun synthese een hoge temperatuur, lange reactietijden en reactievere pre-
cursoren vereist. Verder is InP gevoelig voor oxidatie en vereist luchtvrije omstandigheden tijdens de
synthese en daaropvolgende bescherming met een geschikt schilmateriaal. InP QDs hebben ook tradi-
tioneel bredere ensemble-emissiespectra en grotere Stokes-verschuivingen dan de tegenhanger CdSe.
De reden hiervoor zijn polydispersiteit, fijnstructuur, trillingsbijdragen of emissie uit gelokaliseerde
energieniveaus. InP heeft een grotere exciton Bohr-straal van ongeveer 10 nm (1,35 eV-bandafstand)
vergeleken met ongeveer 5 nm (1,7 eV-bandafstand) in CdSe en dus kunnen ze een sterker quantum
confinement effect ervaren voor een QD van vergelijkbare grootte. Dit zou de verbrede ensemble-
emissiespectra in InP ten opzichte van CdSe kunnen verklaren, omdat alleen een wijziging in de
grootteverdeling kan leiden tot een verschuiving in de piekemissie-energieën. Hoewel het moeilijk
is om de grootte-afhankelijke energieën te voorspellen vanwege hun oxidatie en slecht contrast in
TEM-afbeeldingen, hebben sommige onderzoeken een steilere relatie waargenomen tussen de bandaf-
stand en de grootte in InP. Zulke verschillen vragen om een diepgaander onderzoek naar de exciton-
eigenschappen in InPQDs. Hier in dit proefschriftworden InPQDs bestudeerd die zijn gesynthetiseerd
met behulp van een economische op aminofosfine gebaseerde precursor die het mogelijk maakt om
onder omgevingscondities te werken. Wat de schil betreft, is een type I heterostructuur meer geschikt
voor enkele fotonenemissie waarbij beide ladingsdragers in de kern zijn ingesloten en er dus een
grotere ruimtelijke overlap is van elektron en gat golffuncties. In dit opzicht is de InP/ZnSe kern/schil-
combinatie interessant voor kwantumfotonica. Het heeft een vergelijkbare, type I bandenstructuur als
CdSe/ZnS, maar het verschil tussen het kristalrooster van InP en ZnSe bedraagt slechts 3%, in schril
contrast met de 12% tussen CdSe en ZnS. InP/ZnS is ook een type I-structuur met hogere barrières
maar met een rooster-mismatch van 7,7%. In dit proefschrift worden InP/ZnSe QD’s bestudeerd.

De fundamentele eigenschappen van enig materiaal dat voor een technologie gebruikt zou worden
moeten goed omschreven zijn en dit proefschrift dient erin om de economisch gesynthetiseerde col-
loïdale InP QD’s te kwalificeren als nuttig materiaal in een veld waar performante, maar dure ma-
terialen reeds beschreven zijn. Zoals eerder beschreven, werkt een ideale kwantum straler alleen
samen met de elektromagnetische omgeving die niet te onderscheiden fotonen produceert met een
door levensduur beperkte spectrale verdeling, terwijl de extra interactie met trillingsvrijheidsgraden
en de omgeving resulteert in complexere spectrale kenmerken in QDs. De fundamentele eigenschap-
pen van excitonen in InP/ZnSe QD’s onder optische excitatie worden in dit proefschrift behandeld.
InP/ZnSe QD’s worden gekenmerkt bij kamer- en cryogene temperaturen van het ensemble tot het
“single QD”-niveau met behulp van verschillende spectroscopiemethoden en theoretische modellen.
Dit proefschrift beantwoordt de volgende vragen in de volgorde van hoofdstukken: “Welke rol heeft
de QD in nanotechnologie? Hoe efficiënt is de single photon emissie van InP/ZnSe QD’s? Hoe ziet de
elektronische energieniveaustructuur eruit? Welke factoren beïnvloeden de decoherentie in excitonemis-
sie die uiteindelijk de homogene lijnbreedte beperken? Hoe beïnvloeden de ladingsfluctuaties de optische
eigenschappen in QDs? En, is het mogelijk om een geïntegreerde “single photon source” te hebben op
basis van colloïdale QD’s in een siliciumchip?” In de conclusie zijn selectiecriteria voor colloïdale QD’s
voor gebruik als single photon sources ontwikkeld op basis van de experimentele resultaten hier en
ook uit de literatuurstudie van de prestaties van andere colloïdale NK’en. Verder worden mogelijke
toekomstige aanwijzingen en suggesties voor het gebruik van colloïdale NK’en voor kwantumfoton-
ica, bijvoorbeeld single photon sources als random number generators bij kamertemperatuur, besproken.
Omdat het kwantumgebied te groot is om volledig te omschrijven en het fotofysische mechanisme
achter de exciton-eigenschappen van materiaal tot materiaal verschilt, beperkt dit proefschrift zich
tot het verklaren van de mechanismen achter het gedrag van InP/ZnSe QDs, deze kunnen gebruikt
worden als modelsysteem voor andere soorten colloïdale QD’s en uiteindelijk een bijdrage leveren in
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de kwantumfotonica.
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Synopsis

This chapter provides the basic understanding of excitons in colloidal quantum dots (QDs)
which are required to understand the following chapters. This chapter also discusses the spe-
cific material (InP/ZnSe QDs) to be investigated in this dissertation. The motivation of this
dissertation is also addressed including the key inhibiting factors in using colloidal QDs for
quantum photonics. The dissertation structure is listed at the end of the chapter.
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1.1. Nanotechnology

Nanotechnology is a booming field of research that conglomerates science and engineering and in-
volves materials that are minuscule in size ranging from one to hundred nanometers. A nanometer
is 1 billionth of a meter or 1 millionth size of a dot at the end of this sentence. Richard P. Feynman,
a Nobel prize winning theoretical physicist on quantum electrodynamics, is widely considered as the
visionary father of nanotechnology from the renowned lecture “There’s plenty of room at the bottom”
he delivered in 19591, 2 even before the term nanotechnology was coined later in 1974 by Norio Tanigu-
chi.3 Building on Feynman’s ideas of making use the incredibly small scale of atoms, a whole field has
emerged driven by the aim of fabricating, analyzing and imaging materials with atomic precision and
making best use of the properties of these materials.4

Much before the modern scientific methods of preparing nanomaterials using state of the art fabric-
ation equipments and analytical instruments, nanoparticles have been unintentionally prepared and
used throughout history. More than 4000 years ago, ancient Egyptians prepared black colored hair
dye by mixing lead oxide nanoparticles and slaked lime8 The Lycurgus cup, a decorative artefact vessel
made around 400 AD during the Roman era, is an another example. This cup is made of glass that con-
tains gold and silver alloyed nanoparticles which give the cup a pale‐green color in reflected light and

Figure 1.1. | Nanoparticles in use. (I) A fourth century Roman Lycurgus cup made of dichroic glass con-
taining gold and silver alloyed nanoparticles changes its color from pale‐green in reflected light to bright-red
when light passes through it.5 [image: ©British Museum]. (II) A ninth century glazed ceramics with metallic
lustre decoration is made of silver and copper nanoparticles which can produce a golden shine under specular
reflection.6 [image: ©Art Institute of Chicago7]. (III) Thousands of years ago, ancient Egyptians used a mixture
of lead oxide and slaked lime as hair dye which contained PbS nanoparticles. Image shows the blackening of
hair over the time.8 (IV) Seventeenth century Damascus blades contained carbon nanotubes and nanowires that
could have made them durable and sharp.9 [image: ©The New York Times10]. (V) During the eighth century
Pre-Columbian era, a permanent organic pigment called as Maya Blue is made of a mixture of indigo dye from
a plant and nanofibres of palygorskite clay.11 [image is a mural in Cacaxtla12]. (VI) Stained glass windows in
European cathedrals from sixth to fifteenth century contain nanoparticles that give them the beautiful range of
colors [image: Saint-Bavo’s cathedral in Ghent, Belgium13]. (VII) A 19th century Bohemian ruby glass made of
gold nanoparticles [image: ©Cleveland Museum of Art14]. (VIII) Infrared images of hot and cold water using
photodiode made of HgTe colloidal nanocrystals.15 (IX) Quantum dots-based cancer diagnostics and stem cell
therapeutics for regenerative medicine.16 (X) Modern television displays contain nanoparticles where quantum
dots or nanocrystals act as phosphors [image: ©Digital Trends17].
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Figure 1.2. | Light as an electromagnetic wave. Size equivalent to wavelength, frequency and energy of
light.20

bright-red for transmitted light.5 During the medieval period of 600-1500 AD, the stained glass win-
dows prevalent in European cathedrals were made of gold and silver nanoparticles. Around 800 AD
in the Pre-Columbian era, a corrosion resistant and environmentally benign organic pigment called
Maya Blue was used in mural paintings, ceramics and codices. This pigment is made of a mixture of
indigo dye from a plant and nanofibres of palygorskite clay.11 During the Abbasid caliphate period
around 900 AD, an ‘alchemy’ was made possible by taking ordinary earthly materials and turning
them into an extraordinary piece of art. Glazed ceramics with metallic lustre decoration is made of
silver and copper nanoparticles which can produce a golden shine under specular reflection.6 While
today carbon nanotube finds its application from tennis rackets to space vehicles because of their
stronger and lightweight nature,18 the Damascus blades made of steels imported from India were used
by the Crusaders during 1096 to 1294 ADwhich was later found to have traces of carbon nanotube and
nanowires that could have made them durable and sharp.9 Purple of Cassius or Ruby glass surfaced
in 1700 AD used the red coloring properties of gold nanoparticles.19

1.2. Colloidal quantum dots

1.2.1. Semiconductor nanocrystals

While Feynman made a pun at the chemists in his lecture1 by saying “The chemist does a mysterious
thingwhen hewants tomake amolecule. He sees that it has got that ring, so hemixes this and that, and
he shakes it, and he fiddles around”, the ability to build and assemble nanostructures today is possible
by both physical and chemical methods. Semiconductor nanostructures can be precisely preparedwith
such small dimensions that they exhibit opto-electronic properties quite distinct from the bulkmaterial
made of same semiconductor (see section 1.2.2). The so-called quantum dots (QDs), coined by Reed et
al. in 1980s,21, 22 can be classified into two groups based on their method of preparation: self-assembled
QDs or epitaxial QDs are fabricated by means of top-down lithography on pre-patterned surfaces and
colloidal QDs or semiconductor nanocrystals (NCs) by means of wet-chemical synthesis. The latter
method is more economical and colloidal QDs offer an extensive design freedom (both at the level
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of NC synthesis and device integration) as well as room temperature operation. In this dissertation,
colloidal QDs synthesized in solution phase using chemical methods are studied.

The term colloid was coined by Graham in 1861.23 Michael Faraday and Nobel prize winning chemist
Richard Zsigmondy could be considered the pioneers of modern colloidal nanoparticles from their re-
spective experiments on colloidal ‘ruby’ gold sols in 1857 and 1898. They observed gold nanoparticles
under certain lighting conditions producing different colored solutions.24, 25 Faraday also explained
this phenomenon in a lecture Experimental Relations of Gold (and other Metals) to Light in 1857 where
he termed the currently known nanoparticles as “very minute in their dimensions”, further adding,
“the gold is reduced in exceedingly fine particles, which becoming diffused, produce a beautiful ruby
fluid…the various preparations of gold, whether ruby, green, violet or blue in color,… consist of that
substance in a metallic divided state”.26 In 1932, Ruby colored glasses had traces of CdSe and CdS
nanoparticles.27 In 1981, Ekimov and Onushchenko observed a blueshift in the absorption spectrum
of CuCl nanocrystals in silicate glass matrix which forms the first recent modern experimental ob-
servation of the quantum confinement effect.28 Subsequently in 1982, Efros and Efros developed a
theoretical model to explain the size-dependent optical properties of spherical shaped nanocrystals.29
In 1983, CdS nanocrystals dissolved in colloidal aqueous solution were reported for the first time by
Rossetti et al,30 followed by a size dependent synthesis.31 The effect of Coulomb and exchange inter-
action on the lowest excited electronic state energy for CdS nanocrystals was discussed by Brus in
1984.32 Modern synthesis of colloidal QDs typically involves controlled nucleation and rapid growth
of particles in a solution of chemical precursors containing a coordinating solvent.33, 34 NCs with
nearly atomic precision can be synthesized with diameters ranging from few nanometers to tens of
nanometers. In the last 3 decades, several economical and versatile colloidal synthesis methods were
developed that offered extensive control over the QD size and shape to tune the emission wavelength,
and enabled complex heterostructures to be formed from several semiconductors including II-VI and
III-V groups.35–51

The role of the surface in nanocrystals

NCs are composed of a semiconductor core surrounded by capping agents, predominantly organic
molecules or ligands (see Figure 1.3d). NCs have a surface to volume ratio which scales inversely
with linear dimensions and thus the surface plays an important role in the physical & chemical pro-
cesses of NCs.52 First, the ligand capping keeps the NCs stable in the colloidal dispersion, preventing
uncontrolled growth and agglomeration of the nanoparticles. The choice of the appropriate capping
agent also determines the solubility and chemical reactivity of the NCs enabling to synthesize NCs of
different sizes & shapes ultimately controlling their emission and absorption wavelengths40, 45, 53–56
and also superstructures like 1D, 2D and 3D NC arrays.57 However, electrically insulating longer lig-
ands typically form a wide tunneling potential barrier to charge transport and thus require further
treatments for charge transport applications.58–61 The surface ligands also play a role in the prepar-
ation of homogeneous thin films or mono-layers of NCs. Further, ligands can also passivate the NC
surface, which means that ligands terminate the dangling bonds that remain on the surface. One of
the applications of NCs is related to light emission and its efficiency can be quantified in terms of the
photoluminescence quantum yield (PLQY), a measure of the number of photons emitted as a fraction
of the number of photons absorbed. Compared to a core-only NC, hetero-structures where the ‘core’
material is encapsulated by a shell of a semiconductor with higher bandgap prevents the ground-state
exciton wavefunctions from reaching the surface.36, 38 This can result in QDs having PLQY approach-
ing 100%62 (see section 1.2.5). The light emission in QDs can be observed in both spectral and time
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Figure 1.3. | Nanocrystals & quantum confinement effect. (a) Synthesis of CdSe NCs.104 (b) The discrete
energy levels in smaller sized nanocrystals are well separated near the band edges. The bandgap of nanocrystals
increases when their size is reduced due to quantum confinement and correspondingly the fluorescence emission
changes its color from red to blue.105 (c) Absorption spectra of CdSe QDs showing optically allowed band edge
transitions106 (d) Structure of a nanocrystal with possible capping agents51 (e) TEM images of CdSe quantum
dots39

domain, from which it can be inferred that the relaxation pathway is not simple with the contribution
of both radiative and non-radiative recombinations (see section 1.2.4).

The ability to tune the NC size and shape by different means40, 45, 53–56 enables to control NC
properties such as emission and absorption wavelengths because of the quantum size effect
(see section 1.2.2) and thus can be chosen for suitable applications. NCs are used for several
applications like bio-imaging or labeling,63–67 bio-sensing68–70 & bio-probes,71, 72 absorption fil-
ters,73 digital imagers,74 photodetectors,75 photovoltaics,76–79 photocatalysis,80–82 thermoelec-
trics,83–85 lasers,86–88 transistors,89 spectrometers,90 saturable absorbers,91–94 LEDs,95–100 and
displays.101–103

1.2.2. Free particle model

A basic understanding of QDs can be obtained by a free particle model.108 A free moving particle
like electron (or hole) has a momentum p = h̄k where h̄ = h/2π is the reduced Planck constant and
k = 2π/λ is the wavevector. Here λ is the de Broglie wavelength of the free electron. A free moving
electron with massm can be described by the time-independent Schrödinger equation:

− h̄2

2m
d2Ψ(x)
dx2 = EΨ(x) (1.1)

with Ψ(x) representing the wavefunction of the electron, and E the energy of the electron.

The solutions to the above differential equation 1.1 are plane waves of the form:

Ψ(x) = exp(ikx) (1.2)
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A free electron has a continuum of energy levels given by the dispersion relation:

E(k) = h̄2k2

2m
(1.3)

This solution shows that the energy of the electron is continuous having a parabolic form as a function
of wavevector.

Particle in a 1-D box

Electrons in a bulk semiconductor experience a periodic potential caused by the atoms in the crystal
lattice. For a simplification, the time-independent Schrödinger equation for an electron subjected to a
potential in 1-dimension can be written as:

− h̄2

2m∗
d2Ψ(x)
dx2 + V (x)Ψ(x) = EΨ(x) (1.4)

where V (x) describes the periodic potential set by the crystal lattice. Note that the free particle mass
(m) is replaced by the effective mass (m∗) in bulk crystal to account for the interaction of the particle
with the periodic crystal lattice. Since the potential is periodic over the lattice constant a, V (x) =
V (x + a). The wavefunction that still has the same Eigenvalue after translation over distance a can
be written as:

Ψbloch,k(x) = uk(x) exp(ikx) (1.5)

This wavefunction is called as Bloch function and is a plane wave (exp(ikx)) modulated by a periodic
function (uk(x)). When the wavelength of electron is twice the lattice spacing i.e. k = π/a, electron
is reflected by the periodic potential of the crystal lattice. The periodicity of the lattice causes the

Figure 1.4. | Energy bands in semiconductors. Energy dispersion curve (E ∝ k2) for bulk crystal having
quasi-continuous energy bands and QD having discrete energy levels. [image from reference107]
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reflections to occur at every k = nπ/a, where n is an integer. At other values, the energy of the
electron can be approximated to that of the free electron. This leads to a dispersion relation containing
multiple energy gaps, which are referred to as band gaps. This representation is called the extended
Brillouin zone. Due to the periodicity in k, the wavefunctions with values of k that differ by n2π/a are
equivalent. This means that the energy dispersion relation may be restricted to values of k between
−π/a < k < π/a with the other interval values folded/reflected back into the first interval. This
representation is called the first Brillouin zone or reduced Brillouin zone.108

Particle in a 3-D spherical box

Looking at the NC from a ‘top-down’ perspective, NCs are an intermediate between molecules (few
atoms) and bulk crystals (millions of atoms in each spatial dimensions). The overlap of fewer numbers
of atomic orbitals in NCs result in discrete levels instead of energy bands, called quantized energy
levels. NCs made of a semiconductor have an energy bandgap between highest occupied level (origin-
ating from the valence band VB of bulk) and lowest unoccupied level (originating from the conduction
band CB of bulk). When a photon having certain energy equal or above this energy gap is absorbed by
the NC, an electron transit from the ‘ground’ state to ‘excited’ state forming a quasi-particle electron-
hole pair state, also known as exciton.

The total wave function for a NC can be represented by the product of the Bloch function describing
the bulk properties of the semiconductor, and the envelope function that describes the confinement
effects of the charge carriers or exciton in the NC.

Ψtotal(x) = Ψbloch(x).φenv(x) (1.6)

Since the confinement is same in all directions in a NC, they can be better represented in the form
of a spherical potential box. Here, the eigenfunctions are described as the product of a radial Bessel
function Rnl(r) and spherical harmonics Ylm(θ, ϕ):

φenv(θ, ϕ, r) = Rnl(r).Ylm(θ, ϕ) (1.7)

As the electrons experience a spherical potential well of radius a, the potential is finite for r < a and
zero elsewhere. The solutions for the discrete energy levels of a confined electron in a spherical well
after solving the Schrödinger equation is:

Enl = h̄2χ2
nl

2m∗a2 (1.8)

wherem∗ is the effective mass of electrons (or holes) and χnl are the roots of the Bessel function. The
values of χnl depend on principal quantum numbers n (1, 2, 3,…) and azimuthal quantum number l
(0,1,2,…, corresponding to s, p, d,…, orbitals).108 Since the envelope wave functions of the lowest lying
energy levels resemble atomic discrete energy levels, NCs or QDs are also called as “artificial atoms”.
See Chapter 3 for more details on the quantum size level (lowest bandedge exciton energy level) in a
QD.
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1.2.3. Quantum confinement effect

The band gap of a QD is the sum of the fundamental bulk bandgap (Eg) and the confinement energy
of both the electrons and holes. Including the Coulomb interaction energy, the energy of the ground
to lowest excited state electron-hole pair or exciton in a QD of radius a is given by:32

E = Eg + h̄2π2

2a2 ( 1
m∗

e

+ 1
m∗

h

) − 1.8e2

ϵa
(1.9)

wherem∗
e &m∗

h are effective masses of electron & hole respectively and ϵ is the dielectric constant of
the core material.

Equation 1.9 implies that the band gap of a NC becomes smaller with increasing size (inverse scaling
with a2 in an infinite barrier regime) if the Coulomb interaction is negligible (inverse scaling with a).
Equations 1.8 and 1.9 show that discrete energy levels arise at the band-edges of both the CB and VB
with different quantum numbers. The discrete energy levels in smaller sized QDs are well separated
near the band edges. The bandgap of QDs increases when their size is reduced and correspondingly the
fluorescence emission changes its color from red to blue (see Figure 1.3b). This phenomenon is called
as quantum confinement effect. The relative magnitude of the confinement energy and the Coulomb
interaction energy gives the QD its confinement regime. For a QD with size a ≪ aB (bulk exciton
Bohr radius), the confinement energy is greater than the Coulomb interaction energy and this is called
as stronger confinement regime.

1.2.4. Relaxation pathways

Relaxation of the excited charge carriers back to the ground state involves several recombination path-
ways. The hot charge carriers in a state above the single particle ground states in CB andVB (neglecting
coulomb interaction) initially thermalize to the bandgap level via electron-phonon and electron-hole
interactions typically over a timescale of sub-picosecond to few picoseconds. After they reach the
lowest single particle energy level (lowest level of CB & highest level of VB), the charge carriers can
recombine either through radiative or non-radiative channels. While the radiative recombination res-
ults in the emission of photon, the non-radiative recombination can occur through either Auger scat-
tering or trapping. There are also reports that surface ligands too influence the intraband-relaxation
process in QDs.109–112

Auger channel: Since the electronic level differences can be much larger than the phonon spacings,
also known as phonon bottleneck effect, the relaxation of hot charge carriers is expected to be slower
in QDs.113–115 But the electron relaxation happens in a much faster time scale (sub-picosecond to few
picosecond) attributed to non-radiative Auger relaxation where the electron transfers the energy to
the hole via their Coulomb interaction.116–119 The biexciton (XX) state has two electron-hole pairs and
trion (T) is a charged state with the presence of an electron-hole pair & an additional charge carrier
being either electron (negative trion) or hole (positive trion). The recombination of one electron-hole
pair in case of both XX & T can be radiative, releasing the energy as a photon. But it can also be
non-radiative, transferring the energy to another charge carrier using which it moves to an another
quantized energy level and this process of non-radiative channel is called Auger recombination. The
Auger effect is also shown to be size-dependent because of the quantum confinement effect in QDs.120
Considerable efforts have been made to design the nanocrystals, especially the heterostructures, to
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Generation Thermalization Recombination
a b c

Figure 1.5. | Relaxation pathways. (a) Upon optical excitation, an electron-hole pair (aka exciton) is created.
(b) Thermalization process relaxes the single carrier to the bandgap level. (c) Exciton recombination can be
either radiative or non-radiative, with the latter assisted through trap states or Auger channel. [image from
reference124]

slow down this Auger rate which involves thick shell, alloyed gradient shell121, 122 and dimensional
alteration.123 Note that charging and the trion formation is ubiquitous in NCs.

The role of Auger process in quenching the radiative recombination of mulitple excitons is described
in Chapter 2. Although the presence of Auger process in QDs might limit their use for light amp-
lification applications like lasing, it leads to single photon emitters as multi-photon emission is
quenched (see Chapter 2).

Trap-assisted channel: In QDs, the presence of trap states resulting from several factors like structural
defects, atomic vacancies, dangling bonds, and adsorbates at the interface can also influence their
optical properties. One of the charge carriers in the electron-hole pair could get trapped in these sites
via phonon emission and thus hamper their radiative recombination. Radiative recombination of the
‘trapped charge carriers’ can then happen with the photoluminescence substantially red-shifted from
the ground state excitonic transition of a trap-free QD.

Stokes shift: The emission spectral line after the relaxation process is separated by certain energy from
the band edge absorption peak which is called as Stokes shift. This is caused by several factors such
as a size-dependent exchange interaction inducing fine structure split bandedge states,125, 126 polydis-
persity,127 vibrational (Franck–Condon) contribution via excited states128 & surface ligands,129 defects
and trap states.130–132 While this is undesired for light emitting diodes that require higher transition
oscillator strength, the larger Stokes shifts in NCs find its application in solar concentrators.133

1.2.5. Heterostructures

Colloidal QDs synthesized in solution phase are surrounded by capping agents that play a significant
role in their chemical reactivity (see section 1.2.1). Much progress has been made in improving the
optical properties of QDs with hetero-structures approaching 100% PLQY.62 Here, the core material is
encapsulated by a shell of a semiconductor with higher bandgap that prevents the ground-state ex-
citon wavefunctions from reaching the surface.36, 38 Further, core materials surrounded by gradient
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Figure 1.6. | Heterostructures. (a) Band alignment for different types of semiconductors.135 (b) Three types
of core/shell heterostructures in NCs.105 (c) Smoothening of the confinement potential in graded-alloyed shell
QDs. Here, ν controls the smoothness, and therefore the confining boundary becomes sharper with increasing
ν value.121 (d) Energy diagram and layer structure of multiple-shell QDs.136

shelled or multiple shelled QDs have been introduced for applications like lasing and solar cells where
the ‘smooth’ interface rather than an ‘abrupt’ interface between core and shell reduces the Auger
non-radiative recombination. This subsequently improves the optical gain by reducing the excitation
intensity threshold for amplified spontaneous emission.121, 122, 134 See section 1.3.2 for a description
about spontaneous and stimulated emission processes. The optical properties of QDs depend on the
spatial distribution of ground state electron and hole wave functions in such heterostructures having
different band offsets (see Figure 1.6). In a type I structure, both the charge carriers in CB and VB are
confined because of the difference in band offsets acting as an energy barrier that prevents escaping
of charge carriers from core to shell. In type I 1/2 or quasi type II structure, one charge carrier is
delocalized and the other is localized in either the core or the shell. In a type II structure, one charge
carrier is localized in the core and the other in the shell. In multiple-shell structure, band offsets typ-
ically increase towards the surface with smaller lattice mismatches between adjacent shells reducing
the interface strain while preventing the charge carrier leakage in such a cumulative thick shell. In
type-I graded-alloyed shell structure, the composition varies continuously from the core to the shell,
smoothening the confinement potential. There are also inverted type-I structure where both charge
carriers are localized in the shell.

1.3. Single photon emitters

1.3.1. Non-classical light

With wave-particle duality and the quantization of light, the first quantum revolution enabled the
advent of modern devices from transistors to lasers. Now we are on the verge of a second quantum re-
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volution with devices that are able to generate, manipulate and measure the quantum states of light.139
Quantized electromagnetic field consists of discrete particles known as photons and a single photon is
one such quantum state of light. Single photon sources form an integral part in realizing quantum
technological applications such as quantum computing,140 quantum cryptography,141–143 quantum
simulation144–146 and quantum metrology.147, 148

Quantum light or non-classical light, is the light that cannot be described using classical electromag-
netism.149, 150 Light emitting sources can be distinguished by measuring the temporal sequence of the
emitted photons and defining the photon statistics for each cases (see Figure 1.7). The photons from
classical light sources like a thermal light source arrive in bunches described as photon bunching. This
is well represented by super-Poissonian statistics considering that the intensity fluctuations are higher
with a standard deviation greater than

√
mean. Coherent light emitted from a laser has no preferred

time interval between photons and thus they are completely uncorrelated described as random pro-
cess. This can be represented by Poissonian statistics. A single quantum system like an atom emits
only a single photon at a particular time and the next emission event can be well separated from the
first emission which depends on the re-excitation and recombination rates. This is described as anti-
bunching which has a sub-Poissonian photon statistics. A convenient method to identify if the source
material can emit single photons is by measuring the second-order correlation function. A classical
representation of this function is given by:137

Figure 1.7. | Photon states. (a) Photon detection event in the case of thermal sources (bunch), laser (random),
single photon source (antibunched). The bottom panel shows an ‘on-demand’ emitting ideal single photon
source that has a fixed time separated event.137 (b) Second order correlation function g2(t) for the three states
of light mentioned above.138 (c) Hanbury Brown Twiss setup to measure the g2(τ) where the light emitted by
the source is passed through a 50:50 beamsplitter and detected in two detectors. The event of arrival of time in
the two detectors in coincidence is recorded in the time tag correlator to calculate correlation functions.[image
from https://www.picoquant.com/quantum]
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Figure 1.8. | Optical transitions in a two level system. Left: Absorption of a photon from ground state to
excited state with a rate W . Middle: Spontaneous emission from the excited state to the ground state with a
rate γ. Right: Stimulated emission by an another photon at the input by population inversion.

g2(τ) = ⟨I(t)I(t+ τ)⟩
⟨I(t)⟩2 (1.10)

where I(t) and I(t+τ) are the measured intensities at time t and t+τ . g2(τ) describes the probability
to measure a photon at time τ on condition that a first photon has been detected at time τ = 0. g2(τ)
is usually measured by a Hanbury-Brown and Twiss setup151 where the light emitted by the source
is passed through a 50:50 beam-splitter and detected in two detectors (see Figure 1.7c). The event of
arrival of time in the two detectors in coincidence is recorded in the time tag correlator to calculate
correlation functions.

1.3.2. Ideal quantum emitter

An ideal quantum emitter interacts only with the electromagnetic environment producing indistin-
guishable single photons with high purity (g2(0) = 0), high brightness (probability that each emitted
light pulse contains a single photon; this parameter includes source repetition rate, high transmission
and detector efficiencies) and identical photon wavepackets.152 A two-photon interference effect is
commonly used to determine the indistinguishability since two identical single photons entering a
50:50 beam-splitter would leave from the same end because of the ‘coalescing’ behavior of photons.
The degree of indistinguishability is measured using a Hong-Ou-Mandel setup where a delay is ap-
plied to the arrival times of the two single photons and the coincidence counts are monitored on the
two output detectors.153 Indistinguishable single photons can be expected if both the spatial and tem-
poral overlaps of their wavepackets are identical in terms of emission frequency, pulse-width, spectral
bandwidth, polarization, transverse mode profile and arrival time at the beam splitter.138 In case of
indistinguishable single photons from sources having Fourier-transform-limited spectral bandwidths,
the coincidence counts would fall to zero at exactly the zero delay which is commonly known as
Hong-Ou-Mandel (HOM) dip.

The photophysical mechanisms by which the single photons are generated varies for different kinds of
emitters. An ideal single photon source like an atom should be a two-level system with a ground state
|g⟩ and an excited state |e⟩. Einstein defined three processes for optical transitions in such a system
such as: absorption, spontaneous emission and stimulated emission (see Figure 1.8). Upon absorption
of a photon given by a rateW , an electron transitions from the ground to the excited state. Spontan-
eous emission is the process by which the electron transitions from the excited to the ground state by
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releasing the energy as photon into the photon vacuum state with a rate γ. Stimulated emission is the
process in which an electron transitions from the excited state to the ground state emitting a photon
into a light mode due to the presence of one or more photons in this mode. A good single photon
emitter has an enhanced spontaneous emission rate with a release of pure & indistinguishable single
photon.

1.3.3. Implementations & technology

The first single photons were demonstrated in an attenuated sodium beam,154, 155 and the cascaded
atomic sources were also used for experiments on Bell’s inequalities.156–158 This was followed by
single photon demonstration by means of ion traps.159 The generation of single photons by two-level
system like atoms are not reliable and less efficient with lower operation rates.160 While single photons
generated by attenuated laser or weak coherent pulse are suitable for quantum technologies,161, 162
they are probabilistic in nature and are not ideal two-level quantum emitters. Heralded single photon
sources using spontaneous parametric down-conversion163, 164 set the benchmark for single-photon
technology, but they are also probabilistic in nature, not scalable and have lower brightness.165 On
the other hand, solid-state emitters such as color centers or defects in crystalline hosts,166–168 carbon
nanotubes,169 transition metal dichalcogenides,170 epitaxial QDs171–173 and colloidal QDs174–177 are
attractive as non-classical light sources because of the scalability of their host matrix system and their
on-demand emission.

State-of-the-art single-photon sources based on solid-statematerials are described in recent review art-
icles.152, 178 Among them, epitaxial QDs have progressed well since their first demonstration of single
photon emission from an isolated single QD in the year 2000.179 Key progresses are: deterministic fab-
rication of single photon sources (for scalability),180 electrical excitation (for practical application),181
resonant excitation (direct excitation into an excited state of the QD for pure single photon emission
& indistinguishability by reducing the time jitter induced by non-resonant excitation),182 coupling to
nano-photonic structures (for enhancing the spontaneous emission and efficient photon extraction
known under the term ‘brightness’),173, 183–186 infrared single photon sources (for telecom wavelength
operation)187 and frequency conversion (for converting the optimal single photon source from one
wavelength to desired wavelength188 and aligning the central emission energy of multiple QDs for in-
distinguishability189). The majority of the epitaxial QDs as single photon sources only operate at cryo-
genic temperatures with few exceptions depending on the type of material. For instance, III-nitride
site-controlled nanowire QD was shown to be emitting single photons at room temperature.190

1.4. Colloidal quantum dots as single photon emitters

1.4.1. State-of-the-art technology

Colloidal QDs offer an extensive design freedom (both at the level of nanocrystal synthesis and device
integration) as well as room temperature operation.171 The economical and versatile synthesis routes
of colloidal QDs allow the tuning of emission wavelength by changing their diameter, and they can be
formed from several semiconductors. Moreover, colloidal synthesis methods offer a great control over
the QD size and shape, and enable complex heterostructures to be formed. In addition, the resulting
QD dispersion or inks can be readily combined with a multitude of technology platforms for further
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processing. The solution-processed QDs can be efficiently integrated into silicon or silicon nitride
photonic integrated circuits.191

For artificial atoms like QD to be a good single photon source, it needs to be operating as a two-level
system for a spontaneous emission of single photon from a single exciton state. A type I structure in
QDs (see section 1.2.5) has a stronger confinement and thus produces discrete exciton levels similar
to atomic or molecular levels. Even under non-resonant excitation, the charge carriers relax back to
the first excited state rapidly such that no emission from these higher excited states can be detected.
Also, Auger process in QDs quenches the radiative recombination of the multiple excitons (see section
1.2.4). So the emission in QDs can be considered happening between the lowest two levels at room
temperature which can make QDs behaving as a quasi two-level emitter.192

Room temperature photon antibunching in the luminescence of single colloidal QDs was first reported
for CdSe/ZnS core/shell QDs and attributed to the highly efficient, non-radiative Auger recombina-
tion of multi-excitons.193, 194 This enabled the emission of a single photon to be triggered by a high-
intensity excitation pulse, with a near-unity probability of photo-excitation and a high-purity single
photon emission.174, 175 On the other hand, the further development of CdSe/ZnS QDs as single photon
emitters stalled because of their intermittent fluorescence or blinking, which leads to an unpredictable
succession of bright and dark periods.174, 194, 195 In the case of CdSe/CdS core/shell QDs, it was shown
that blinking can be suppressed by implementing sufficiently thick CdS shells.196, 197 However, this
approach leads to a significant reduction of the Auger recombination rate, possibly linked to the form-
ation of alloyed interfaces (for instance, extension of the electron wavefunction in creating negatively
charged trions). While the alloyed interfaces may reduce the lattice mismatch between core and shell,
yet the shallow conduction band offset and smoothening of the potential barrier enhances the radiative
recombination of multi-excitons. The concomitant promotion of the radiative recombination of multi-
excitons reduces photon anti-bunching, an effect that is the more pronounced the higher the biexciton
photoluminescence quantum yield.198, 199 The same issue is faced by attempts to suppress blinking by
speeding up radiative recombination through, for example, plasmonic effects.200 Since accelerating
radiative recombination shifts the balance between radiative and non-radiative Auger recombination
of multi-excitons, blinking suppression by enhancing radiative recombination also results in a loss of
purity of single photon emission.201

Currently, the focus of QD synthesis research is shifting to materials made from semiconductors that
offer even better optical properties, such as caesium lead halide perovskites (CsPbX3, X=Cl,Br,I), or
have a composition non restricted by the toxicity regulations on heavy-metal ions in electronic and
electro-optical devices, of which InP QDs are the most notable example. Rapidly after the first reports
on their synthesis,202 single CsPbBr3 NCs were shown to exhibit photon anti-bunching and, in one
study, reduced blinking.203, 204 However, as these nanocrystals showed significant photodegradation, it
remains unclear whether CsPbBr3 nanocrytals can provide single photons on demand. Opposite from
CsPbBr3 nanocrystals, InP QDs received little attention, if any, as possible single-photon emitters
even if first syntheses were developed shortly after the first hot injection synthesis of CdSe QDs.205
Note that the electrically driven single photon sources based on colloidal CdSe/CdS QDs have only
been recently reported.206
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1.4.2. Key inhibiting factors

An ideal quantum emitter interacts only with the electromagnetic environment producing in-
distinguishable photons having a lifetime-limited spectral distribution, but the additional in-
teraction with vibrational degrees of freedom and the environment results in more complex
spectral features in QDs. Key inhibiting factors in using colloidal QDs for quantum photonics
are described as:

• Stability: fluorescence emission of a QD stops over the time which is known as bleaching
and fluorescence intermittency with the emission going to random on & off times known
as blinking. See Chapter 2.

• Fine structure: electronic structure of a QD contains exciton-manifolds in the band-edge
arising from the contribution of electron-hole exchange interaction and shape anisotropy.
See Chapter 3.

• Dephasing: loss of coherence of the emitter affecting the phase stability of the light and
ultimately broadening the spectral linewidth, which reduces the indistiguishability. See
Chapter 4.

• Spectral diffusion or jitter or wandering: fluorescence energy shift with time attributed to
the charge fluctuations in and around the QD environment. See Chapter 5.
Note: Spectral linewidth of a QD is naturally broadened by the radiative lifetime (average
time the excited charge carriers take to relax back to the ground state). However, the
dephasing time in QD is typically much faster than the radiative lifetime. Overall, a
single QD is broadened by the cumulative effect of lifetime, fine structure, dephasing
by phonon-assisted transitions between the fine structure states, and phonon-assisted
emission and spectral diffusion. Moreover, there are size & shape dependent variations
in the aforementioned properties for QDs.

• Non-deterministic integrated source: Demonstration of pure single photon emission from
a deterministically positioned single QD on a silicon chip is the stepping stone for scalab-
ility. This will be required for ultimately describing factors (unreported for colloidal QDs)
such as indistinguishability and brightness. This is a also prerequisite for coupling the
QDs to nanophotonic devices to further improve their optical properties. For instance,
the typical lifetime of colloidal QD ranges in few tens of nanoseconds and therefore a
mechanism to enhance the spontaneous emission rate is critical for higher rate opera-
tion. See Chapter 6.

1.5. Materials & methods

1.5.1. Colloidal InP quantum dots

Both the fundamental knowledge of optical properties in QDs and the improvement in their synthesis
with a precise ‘engineered’ control of dimensions, shape and composition has been achieved with
the detailed study on CdSe QDs belonging to II-VI group for visible wavelength range and PbS QDs
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Figure 1.9. | Colloidal InP QDs. (a) Spectral range of emission for the most widely studied types of semicon-
ductor NCs.207 (b) In this dissertaion, InP QDs synthesized using indium halide and aminophosphine precusors
are studied. Replacing In(Cl)3 by In(Br)3 or In(I)3 leads to InP QDs with smaller diameters at the end of the
reaction and therefore variations in their emission wavelength.208

belonging to IV-VI group for infraredwavelength range. The rising concern over using the heavymetal
ions in the end user applications have necessitated the synthesis of QDs constituted of nontoxic and
earth-abundant materials.207 One of the promising alternative semiconductor material in the visible-
near infrared range is InP belonging to III-V group. Though indium belong to smaller earth abundant
material, it does not have the toxicity of Cd.207, 209–211

For convenience, CdSe QDs are taken as prototypical material in comparison to explain the optical
properties of InP. The first difference is the cubic (zincblende) crystal structure in InP whereas it is
hexagonal (wurtzite) structure for CdSe where there is an additional in-built crystal field splitting
contributing to the fine structure. Note that the CdSe QDs can also be synthesized with a zincblende
structure. Zincblende structure usually has a Td point-group symmetry. In contrast to ionic bonds
in II-VI group materials like CdSe, InP belonging to III-V group has a more covalent bond formation
which is stronger and thus requires a high temperature, longer reaction times and more reactive pre-
cursors for their synthesis. InP is prone to oxidation, requiring stringent air-free conditions during
synthesis and subsequent protection with an appropriate shell material.211 InP QDs have traditionally
broader ensemble emission spectra and larger Stokes shifts than the counterpart CdSe QDs.132 The
reason for this is still under discussion with reasons including polydispersity or fine structure or vi-
brational contribution or emission from trapped states. InP has a larger exciton Bohr radius of about
10 nm (1.35 eV bandgap) compared to about 5 nm (1.7 eV bandgap) in CdSe and thus they could exper-
ience a stronger quantum confinement effect for a similar sized QD. This could explain the broadened
ensemble emission spectra in InP compared to CdSe since a mere change in the size distribution could
result in a shift in the peak emission energies. Though it is difficult to predict the size-dependent
energies owing to their oxidation and poor contrast in TEM images, some studies observed a steeper
relation between the bandgap and size in InP compared to CdSe.132, 212–214 Such discrepancies call for
a more in-depth study on the exciton properties in InP QDs.

1.5.2. Synthesis of InP/ZnSe quantum dots

Initially, the dehalosilylation reaction215, 216 using tris(trimethylsilyl)phosphine as phosphorous pre-
cursor was modified by Micic et al.205 to synthesize colloidal InP QDs. Following the procedure of
CdSe QDs that allowed better control of the particle growth,35 Micic et al. synthesized InP QDs in
the presence of coordinating trioctylphosphine (TOP) and trioctylphosphine oxide (TOPO) solvent.
This was followed by several methods of synthesis of InP QDs: using a size-selective precipitation
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to control the size of particles,217 using a non-coordinating solvent and fatty acid as ligands,218 low
temperature (<190 ◦C) synthesis by the activation of In carboxylate precursors with fatty amines,219
and using air-stable & low-cost calcium phosphide as phosphorous precursor.220

More recently, a further approach to form InP-based QDs has been introduced, based on aminophos-
phines as the phosphorous precursor.208, 221, 222 This method enabled a variety of InP-based core/shell
QDs to be formed with widely tunable optical properties. The type I heterostructures formed are suit-
able for single photon emission (see section 2.1.1). In this respect, the InP/ZnSe core/shell combination
is interesting for quantum photonics. It features a similar band alignment as CdSe/ZnS, yet the In-
P/ZnSe lattice mismatch amounts to a mere 3%, in contrast to the 12% mismatch between CdSe and
ZnS. Although the atomistic origin of blinking in QDs is still debated,223 the low-strain, type I com-
bination offered by the InP/ZnSe core/shell system could offer a pathway to reconcile non-blinking
characteristics with single-photon emission by colloidal QDs. Note that InP/ZnS is also a type I struc-
ture with higher barriers but with a lattice mismatch of 7.7%.

Here in this dissertation, thiol-capped InP/ZnSe QDs were synthesized by Dr. Dorian Dupont (Ghent
University, Belgium) using an economical aminophosphine-based precursor enabling to work under
ambient condition.208, 224 To obtain 10-nm core/shell structures with a 3.2-nm core diameter, the fol-
lowing procedure was applied. 50 mg (0.23 mmol) of indium(III) chloride and 150 mg (1.1 mmol) of
zinc(II) chloride are first mixed in 2.5 ml (7.5 mmol) of technical oleylamine (OLA). The reaction mix-
ture is stirred and degassed at 120 ◦C for an hour and then heated to 180 ◦C under inert atmosphere.
Upon reaching 180 ◦C, the synthesis of InP nanocrystals is initiated by quickly injecting a volume
of 0.23 ml (0.8 mmol) of tris(diethylamino)phosphine in the above mixture. After a reaction time of
20 min, 3.2-nm InP QD cores are formed. The formation of the ZnSe shell is initiated by injecting
0.45 ml of stoichiometric TOP-Se (2.24 M). At 140 min, a mixture of 2 g (3 mmol) of Zn(stearate)2,
8 ml of octadecene (ODE) and 2 ml of OLA is injected. The temperature is increased from 180 ◦C to
320 ◦C and 1.4 ml of TOP-Se is injected drop by drop during the rise of temperature. At 240 min, the
reaction is stopped. InP/ZnSe QDs are then precipitated once in ethanol and suspended in toluene.

1.6. Dissertation structure

In addition to a brief history of nanotechnology, the current Chapter 1 gives a basic understanding of
QDs required to understand the following chapters. This chapter also addresses the colloidal InP/ZnSe
QDs to be investigated in this dissertation. Highlight: Key inhibiting factors in using colloidal QDs for
quantum photonics are also described.

Which non-classical photonic property is discussed? Chapter 2 discusses the characterization results
on both ensemble and single InP/ZnSe QDs at room temperature under optical excitation. Highlight:
Single InP/ZnSe core/shell QDs exhibiting type I structure is an efficient single photon emitter demon-
strated by a strong antibunching at room temperature even at saturation intensities. This is attributed
to the fast Auger recombination of multiple excitons. Single QDs display very little blinking which
places these QDs in the class of nearly blinking-free QDs, with emission stability comparable to state-
of-the-art thick-shell and alloyed-interface CdSe/CdS.

How does the electronic structure looks like? Chapter 3 describes the band edge exciton energy level
structure of InP/ZnSe QDs by combining micro-PL spectroscopy on single QDs and fluorescence line
narrowing (FLN) spectroscopy on ensemble of QDs at cryogenic temperature. The exchange inter-
action splits the eight-fold degenerate band edge exciton levels into an optically dark low energy
quintuplet and a high energy bright triplet states. Depending on the excitation power, single QDs
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show emissions from bright exciton as a doublet, a trion singlet and a biexciton doublet that all show
a pronounced polarization. FLN spectra of an ensemble of QDs in magnetic fields demonstrate that
the bright exciton effectively consists of three states. Highlight: The Zeeman splitting of these states is
well described by an isotropic exciton model, where the fine structure is dominated by electron-hole
exchange and shape anisotropy only leads to a minor splitting of the bright triplet, all because of the
particular ratio of light and heavy hole masses naturally occurring in InP material.

What factors influence the decoherence in exciton emission ultimately limiting the homogeneous linewidth?
Chapter 4 discusses the exciton dephasing and population dynamics using transient resonant four
wave mixing (FWM) spectroscopy on ensemble of InP/ZnSe QDs. In photon echo experiment (5 K - 31
K), the FWM signal decays with an initial sub-picosecond component followed by a mono-exponential
component at longer delay times which is a representation of acoustic phonon sidebands & exciton
ZPL respectively. ZPL linewidth and ZPL weight with respect to the phonon sidebands are reported
at cryogenic temperatures. The recombination rate of exciton is deduced from the transient grating
experiment from 5 K - 107 K and the radiative lifetime values of bright & dark exciton and the en-
ergy splitting between them are reported. Highlight: Contrary to a rapid spin-flip mediated dephasing
from bright-to-dark exciton in CdSe QDs, the exciton ZPL dephasing in InP QDs is explained by the
domination of phonon-scattering within the closely spaced bright exciton triplets. Further, the corres-
pondence between ZPL of the narrowest single QD (50 ± 1 µeV at 5 K) and the homogeneous linewidth
obtained using FWM (56.8 ± 2.1 µeV at 5 K) indicates the presence of band edge exciton rather than
a trap assisted recombination hitherto believed to be prevalent in InP core/shell QDs. Note that this
linewidth is not lifetime-limited.

How does the charge fluctuations affect the optical properties in QDs which usually have a larger sur-
face to volume ratio? Using micro-PL spectroscopy at cryogenic temperature on single InP/ZnSe QDs,
Chapter 5 discusses the polarizability of exciton, biexciton and trion by correlating their level of
spectral shifts due to quantum confined stark effect (QCSE). Highlight: QCSE is reduced in multiple-
exciton species than neutral exciton, because the presence of an external charge on the QD surface
splits electron & hole and thus weakening their mutual interaction (Veh) which has a stronger effect
than electron-electron (Vee) or hole-hole (Vhh) interaction. Using InP/ZnSe QDs as an optimized sys-
tem to minimize spectral diffusion (SD), a theoretical understanding of the structural conditions that
determine the magnitude of QCSE in core-shell QDs is provided. As such, minimal SD can be expected
for strongly confined cores (large band-offset, moderately small core) and multi-excitonic species.

Is it possible to have an integrated single photon sources based on colloidal QDs in silicon chip? Chapter 6
describes how silicon nitride photonics platform is favorable for integration of colloidal QDs. Accord-
ingly, a deterministic positioning of single InP/ZnSe QDs from solution phase to silicon chip is at-
tempted using electron-beam lithography, but with a result of ‘probabilistic’ 30% accuracy. Highlight:
On-chip emission from single QD embedded in silicon nitride waveguide is demonstrated. While the
collection efficiency currently limits the demonstration of single photon emission with high purity,
there are greater prospects to further improve the design which are also discussed in this chapter.

Chapter 7 recaps the main results while addressing the title question of this dissertation. Further,
possible future directions in using colloidal QDs for quantum photonics are also discussed. Highlight:
While indistinguishable photons are obligatory for a quantum information processing applications
such as qubits, it is not necessary for quantum cryptography like random number generator which
only requires a high pure single photon emission at room temperature. Colloidal QDs could be suitable
for this application except that the emission needs to be stable and free from blinking.
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Appendix A lists the journal articles and conference papers & presentations. Appendix B lists the
acronyms. AppendixC lists the spectroscopymethods employed and the layout of the optical set-ups.
Appendix D lists the acknowledgements.
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Synopsis

This chapter discusses single-particle spectroscopy of InP/ZnSe QDs that reveals strong photon
antibunching attributed to fast Auger recombination of multiple excitons. The antibunching is
preserved when the QDs are excited above the saturation intensity of the fundamental-exciton
transition. Single QDs exhibit good photostability under strong optical excitationwith a nearly-
blinking free emission. This result paves the way toward their usage as high-purity on-demand
single-photon emitters at room temperature.

Based on the publication Nano Lett. 2017, 17, 10, 6104-6109
Synthesis of InP/ZnSe QDs by Dr. Dorian Dupont, Ghent University, Belgium
TEM images of InP/ZnSe QDs by Dr. Willem Walravens, Ghent University, Belgium
Ultrafast pump-probe spectroscopy of InP/ZnSe QDs by Prof. Pieter Geiregat, Ghent University, Belgium
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2.1. Introduction

2.1.1. Quasi-two level system

Luminous intensity collected under continuous wave (CW) illumination on QDs can be used to find
if the system under study is emitting in the single exciton regime. CW pumping of QDs at lower
excitation intensity creates a single exciton at a time. The probability of creating a second exciton
during the lifetime is very low at this lower intensity level and thus we can derive a model for a simple
two-level system.

The rate equation for the population of the excited state is given by:

d

dt
Pe(t) = WPg(t) − γPe(t) (2.1)

Since Pg(t) + Pe(t) = 1, the equation 2.1 becomes:

d

dt
Pe(t) = W − (W + γ)Pe(t) (2.2)

Assuming Pe(0) = 0 at t = 0, the equation 2.2 becomes:

Pe(t) = W

W + γ

(
1 − exp−(W +γ)t

)
(2.3)

whereW is the excitation pumping rate, e & g represent the excited and ground states, γ is the decay
rate. Since W = σI/h̄ω and substituting Is = γh̄ω/σ, the probability to find one exciton in a QD
or the average count rate is proportional to I/(I + Is) where I is the intensity, Is is the saturation
intensity, σ is the absorption cross section and ω is the emission frequency. This rate saturates upon
increasing the excitation intensity in an effective two-level system which could be an indicator that
the QD under study operates in a single exciton regime.

2.2. Ensemble properties

2.2.1. Photoluminescence

InP/ZnSe QDs for this study was synthesized according to the method described in section 1.5.2. As
shown in Figure 2.1a, InP/ZnSe QDs studied had an equivalent diameter of about 10 nm with a core
size of 3.2 nm (see inset) and their absorption spectrum exhibited the typical band-edge transition with
a maximum at 594 nm. The crystallinity of the particles is evident from the HR-TEM image shown in
the inset of Figure 2.1a. The photoluminescence (PL) in solution featured a concomitant single-peak
spectrum around 629 nm, a full-width-at-half maximum (FWHM) of 47 nm, and had a PL quantum
yield of 65% (see the synthesis protocol of this QD reported by Tessier et al.1, 2 for further details).
As shown before, this relatively large FWHM – Cd-based QDs, CsPbBr3 or CdSe nanoplatelets can
have an ensemble emission as narrow as 20, 12, and 10 nm, respectively – is not a characteristic of the
emission of individual InP QDs, yet reflects inhomogeneous broadening related to size dispersion.3–6
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The PL characterization of the InP/ZnSe QDs is done by analyzing thin films spincoated on a glass
coverslip using the micro-PL setup shown in section C.1. Figure 2.1b represents the PL decay of an
ensemble of QDs obtained after pulsed excitation at 445 nmwith a repetition rate of 2.5Mhz. The figure
includes a best fit of the experimental data to a single exponential function, IPL(t) ∝ exp(−γ t) with
an offset, which yields a PL decay time γ−1 = 25 ns. Most interestingly, under CW excitation at 445
nm, the PL intensity IPL first increases linearlywith the excitation intensity I , then saturates according
to IPL ∝ I/(I + IS) as expected for an effective 2-level transition (see Figure 2.1c & description in
section 2.1.1). The fitting of the PL intensity yields a saturation intensity IS = 690 ± 40 W/cm2.

Absorption cross section

The absorption cross-section σ of a QD is connected to its intrinsic absorption coefficient µi by the
relation σ = µi VQD, where VQD = 523.6 nm3 is the volume of a 10-nm spherical QD. For a core/shell
QD suspended in an homogeneous solvent, the intrinsic absorption coefficient at a wavelength λ has
been proposed by Neeves et al.:7

µi = 2π
λ ns

Im(3 εs β), (2.4)

where ns is the refractive index of the solvent and εs its (relative) dielectric permittivity. The complex
factor β is defined as

β = εsh εa − εs εb

εsh εa + 2 εs εb
, (2.5)

where

εa = εc

(
3 − 2 Vsh

VQD

)
+ 2 εsh

Vsh
VQD

, (2.6)

εb = εc
Vsh
VQD

+ εsh

(
3 − Vsh

VQD

)
. (2.7)
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Figure 2.1. | Ensemble properties. (a) Absorption (red) and emission (blue) spectrum of InP/ZnSe quantum
dots in solution at room temperature. Insets: TEM and HR-TEM image of the InP/ZnSe quantum dots. (b)
Luminescence decay from InP/ZnSe quantum dots in a thin film for pulsed excitation at 445 nm & repetition
rate of 2.5 Mhz. (c) Luminescence saturation of the thin film containing ensemble of QDs under high intensity
CW excitation at 445 nm.
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Here εc and εsh stand for the (relative) dielectric permittivities of the core and the shell, and Vsh for the
shell volume (equal to 506.4 nm3 for 3.2-nm cores). At an excitationwavelength of 445 nm, εc = 16.4+
i 6.5 and εsh = 7.9 + i 1.7. The computation shows that the absorption cross-section of InP/ZnSe QDs
is σ = 2.53 × 10−14 cm2 when they are suspended in toluene (ns = 1.47) and σ = 1.13 × 10−14 cm2

when they are suspended in air (ns = 1).

From the experimental result explained in section 2.2.1 & subsequently shown in Figure 2.1 with the
photon energy of the CW excitation laser (h̄ωp) and the measured decay rate (γ), this translates into
an average QD absorption cross section σ = h̄ωpγ/IS of (2.0±0.1)×10−14 cm2. The correspondence
between the values for σ obtained experimentally and estimated theoretically for the QDs suspended
in toluene indicates that the saturation of the PL reflects the emission saturation of the InP/ZnSe QDs
and that they behave as effective 2-level systems (also see section 2.1.1).

2.2.2. Ultrafast pump-probe spectra

To investigate the charge carrier dynamics, ultrafast pump-probe spectroscopy is done on InP/ZnSe
QDs (see Appendix C.2 for the setup layout). Samples were dispersed in toluene to achieve an optical
density of 0.05 at the first exciton peak and were stirred during the measurements to avoid photochar-
ging. Using the frequency doubled output of a 110 fs Ti:S laser (800 nm), the QDs are photo-excited
at 400 nm and the decay of the band edge population is monitored using a broadband, time-delayed
probe pulse (110 fs) generated in a CaF2 crystal. At low pump fluence, only single excitons are created
(⟨N⟩ ≪ 1) which implies that the slow, about 600 ps, decay of the population observed at these pump
levels is due to relaxation mechanisms of the single exciton. When increasing the pump fluence, a fast
decay component with a lifetime of 70 ±5 ps shows up (see Figure 2.2b). The weight of this additional
component scales with ⟨N⟩2 indicating it originates from biexcitons. In particular the 70 ps lifetime
can be labeled as the biexciton Auger lifetime. A short-lived bleach near the P-states transition at
520 nm is also observed indicating carriers pass through these levels as they cool down. It is also

Figure 2.2. | Transient absorption spectra. (a) 2D time-wavelength map of the differential absorbance
∆A after excitation with a 400 nm pump & fluence of 0.5 mJ/cm2. A clear bleach due to state-filling is observed
around the band gap (600 nm). A strong photo-induced absorption at early times is attributed to spectral shifting
and intraband absorption.8 (b) Kinetics at 600 nm (band gap of InP/ZnSe) for increasing pump fluence (data from
top to bottom: 0.1 mJ/cm2, 0.25 mJ/cm2, 0.75 mJ/cm2 and 1.1 mJ/cm2). The solid black lines are biexponential fits
to the data showing a fast 70 ±5 ps non-radiative decay decay of biexcitons and a slower single exciton dynamic
of about 600 ps indicative of fine-structure relaxation.9
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observed that state filling takes a total of 2.5 ps to build up, a relaxation comparable to other colloidal
QD systems. When the surface is properly passivated, this time should be sufficiently short to avoid
serious surface trapping as is evidenced by the high quantum yield of the samples. Multi-exciton emis-
sion is very efficiently quenched by non-radiative Auger recombination of charge carriers in this QD.
While the fast Auger recombination of multiple exciton is not favorable for lasing application,10, 11 this
QD could be interesting for single photon emission (see section 2.4).

2.3. Single dot properties

2.3.1. Emission lifetime and linewidth

To address the PL of single InP/ZnSe QDs, a 1-nM solution of QDs in toluene was dropcast on a glass
coverslip, producing a QD surface density of 0.25 µm−2 (See Appendix C.1 for the micro-PL setup).
Note that the dropcast method normally do not produce homogeneous distribution of QDs and the
indicated density reflects the well separated single QDs. Figure 2.3a shows that a single InP/ZnSe QD
features a much more narrow emission line with a linewidth of 14 nm (46 meV) than those observed in
QD ensembles with a linewidth of 47 nm (150 meV). Note that the single QD spectrum was integrated
for 60 s. A systematic study of 72 single InP/ZnSe QDs showed similarly narrow lines falling within the
ensemble emission spectrum (see Figure 2.3b), confirming that the ensemble emission is inhomogen-
eously broadened. The linewidths of single-QD emissions also show some variability (see Figure 2.3c).
While the average FWHM amounts to 19.4 nm, the distribution shows a standard deviation of 2.5 nm
and the measured values range from 13 to 24 nm. The PL decay of single InP/ZnSe QDs can be con-
veniently fitted with a single-exponential function (see Figure 2.3d), an observation suggesting that
the contribution of single exciton is more significant without much involvement of either charged
state or biexciton emission in which case the exponential fit would be typically a multi-exponential
function. By investigating on 25 single QDs, it turned out that the distribution of the decay times γ−1

can be fitted to a normal law with an average value of 22.5 ns and a standard deviation of 5.4 ns (see
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Figure 2.3. | Single dot properties. (a) Emission spectrum of a single QD fitted to a Lorentzian function.
(b) Statistical distribution of the central emission wavelength in an ensemble of 72 single QDs. (c) Statistical
distribution of emission linewidth for the same ensemble. Note: Histogram (bars) and Gaussian fit (line). (d)
Luminescence decay trace of a single QD fitted to a single exponential function with a decay time of 17.5 ns.
Inset: statistical distribution of the decay times based on an ensemble of 25 single QDs.
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inset to Figure 2.3d). Similar variations in single QD lifetime have been reported before in the case
of CdSe/ZnS QDs.12 Note that the charged QDs were not observed possibly due to their much lower
emission intensity compared to the selected single QDs.

Fluorescent decay rate of a QD has the contribution of both radiative and non-radiative part:

ΓQD = Γrad + Γnon−rad (2.8)

The rate of a spontaneous emission from the lowest excited electron-hole pair |e⟩ to the ground state
|g⟩ in a QD can be derived using ‘Fermi’s golden rule’ given by:13, 14

Γrad = 2e4n

πϵ0m3
0c

3 |Floc|2
[2m0ωΘP 2

3e2h̄

]
(2.9)

where e is the electron charge, n is the refractive index, ϵ0 is the permittivity of free space, m0 is
the electron rest mass, c is the speed of light, Floc is the local field correction factor (3ϵm/ϵ1 + 2ϵm,
where ϵm is the dielectric constant of the surrounding medium and ϵ1 is the dielectric constant of the
semiconductor), ω is the transition frequency, which is proportional to the transition energy E, Θ is
the square of the overlap integral between the electron and the hole wave functions, and P is the Kane
interband matrix element, | ⟨1Sh|p|1Se⟩ |, which gives the transition electric dipole moment.

This implies that the radiative rate Γrad is proportional to the emission frequency ω and therefore the
central emission energy of a QD. Since the emission energy of a QD is already dependent on its size
(also Floc), the spontaneous emission rate would also be then dependent on the size of the QD.

To find if there are correlations among emission wavelength, linewidth, and lifetime in InP/ZnSe QDs,
the statistical distribution of the emission linewidths in an ensemble of 72 single QDs and the statistical
distribution of the emission lifetimes in a subset of 25 QDswith respect to their central emission energy
are shown in Figure 2.4. It is found that the emission lifetime of each QD fitted with single exponential
is linearly correlated to the central emission energy. The plot of the decay rate γ versus the photon
energy E = h c/λ reveals a linear dependence with a slope of 300±33 µs−1/eV (see Figure 2.4a). A

Figure 2.4. | Correlation between emission lifetime, linewidth, and central energy. (a) Correlation
between the luminescence decay rate of single QDs and the energy of the photons they emit. The fit shows a
linear dependence with a slope of 300±33 µs−1/eV. (b) Correlation of linewidth with the emission energy.
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similar correlation was previously reported for CdSe and CdTe QDs.14, 15 Although the slope of the
dependence (dγ/dE) is more than the one reported for CdSe and CdTe QDs for a similar spectral
range, further investigation is needed to verify whether the theoretical explanation of this effect given
for bare-core QDs14 also applies to core/shell nanostructures such as InP/ZnSe QDs. No discernible
correlation between the spectral linewidth and the photon energy was observed (see Figure 2.4b).

2.3.2. Origin of broad emission spectra in InP quantum dots

InP QDs have traditionally broader ensemble emission spectra and larger Stokes shifts than the coun-
terpart CdSe QDs and the reason for this is still debatable which could be due to several factors such as
a size-dependent exchange interaction induced fine structure states,16, 17 polydispersity,18 vibrational
(Franck–Condon) contribution via excited states19 & surface ligands,20 defects and trap states.21–23 InP
has a larger exciton Bohr radius of ∼10 nm (1.35 eV bandgap) compared to ∼5 nm (1.7 eV bandgap) in
CdSe and thus they could experience a stronger quantum confinement effect for a similar sized QD.
This could explain the broadened ensemble emission spectra in InP compared to CdSe since a mere
change in the size distribution could result in a shift in the peak emission energies. Though it is diffi-
cult to predict the size-dependent energies owing to their oxidation and poor contrast in TEM images,
some studies observed a steeper relation between the bandgap and size in InP compared to CdSe.23

At room temperature, the homogeneous linewidth of a single QD is typically dominated by phonon-
induced broadening in the order of several tens of meV which is much larger than the lifetime limited
natural broadening in the µeV range.24 The observation of narrow single QD spectra (14 nm / 46 meV)
here compared to ensemble emission spectra (46 nm / 150 meV) at room temperature shown in Figure
2.3 emphasize that the single InP QDs are not inherently broadened and reflects the inhomogeneous
distribution (size dispersion) of QDs in the ensemble. This observation was also supported by photon
correlation Fourier spectroscopy on InP QDs.5 As discussed before, the fluorescence lifetime is single
exponential (average of ∼22.5 ns) and it will be shown next in the section 2.3.3 that the blinking or
fluorescence intermittency is low in this QD. Taking into account a minor spectral diffusion due to
charge fluctuations (see Figure 2.7), the single QD linewidth of 46 meV thus represents a value not too
far from the homogeneous linewidth at room temperature. This linewidth and the lifetime value is
also comparable to state of the art giant shell CdSe based QDs.25

The narrowest single QD linewidth reported at room temperature til now is the alloyed CdSe QDs
with sub-thermal linewidth.25 Even there and all the other reported linewidth values for single QDs
are much narrower than the ensemble spectra indicating an inhomogeneous broadening due to size
dispersion as the dominant factor in QDs.4, 5, 26 On the contrary, it was recently reported by Janke et al.
that both the broadness and the larger stokes shift in InPQDs are arising from the trap-associated emis-
sion pathway in core/shell heterostructures attributed to structural disorder induced hole traps. As
explained in the section 1.2.4, a trap-assisted emission would be considerably redshifted from the ab-
sorption peak. To further support their attribution, Janke et al. claimed that the sizing curve for CdTe
is similar to InP, yet the ensemble spectrum is narrower for former than the latter even without post-
synthesis size fractionation.23 However, the Supporting Information contained figures which showed
the histogram of QD diameters from TEM images which appeared to have a standard deviation of ∼2
nm for InP while it is only ∼1.2 nm for CdTe. Even half a nm difference in the size, especially when the
diameter of the QD is around 3-4 nm, could result in a drastic change in the emission energy. While
this trapped state emission could still be a broadening mechanism for their InP QDs, the observation
of narrow single QD spectra & mono-exponential lifetime with their size-dependence (see Figure 2.3
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and Figure 2.4), efficient single photon emission (see section 2.4) and emission from band edge ex-
citon states discussed in Chapter 3 indicates that the polydispersity explains the broadened spectra
and larger Stokes shift for our ensemble of InP QDs, similar to other NCs (see section 1.2.4).

Single QDs are broadened by natural radiative lifetime, exciton dephasing (including the effect
of fine structure), phonon assisted emission and spectral diffusion. These factors also exhibit
variations corresponding to the differences in size & shape. Since the ensemble of QDs is a
convolution of several such single QDs, the ensemble linewidth is a cumulative of all the afore-
mentioned factors varying for every single QDs. Hence the broadening of ensemble spectrum
in InP QDs is attributed to polydispersity.

2.3.3. Nearly blinking-free emission

InP/ZnSe QDs show some fluorescence intermittency, a phenomenon commonly known as ‘blinking’.
At the ensemble level, blinking reduces the effective PLQY of the material. In quantum optics ap-
plications, however, blinking prohibits the use of single QDs as deterministic single-photon turnstile
devices. The data in Figure 2.5a (red line) show the intensity of the light (photon counts per 10-ms time
bin) collected from a single QD as a function of time at room temperature. The QD was excited with a
CW 445-nm laser beam in the low-pumping regime (I ≪ IS) at 100 W/cm2. The noise background of
the measurement is shown in blue (measured in the region on the glass substrate where there is no QD
emission). Although some dark periods (no emission, off state) can be seen, the histogram of counts
displayed on the right of Figure 2.5a indicates that 99% of time the QD is bright (on state) and emits
photons at a stable rate. The threshold between on and off states is indicated by the dashed gray line in
Figure 2.5a. It was chosen 2-3 standard deviations above the background noise level as can be seen in
Figure 2.5a. The blinking is very limited and follows a simple on/off pattern, without any intermediate
or gray-state emission, as often reported in the case of CdSe/CdS QDs.27 The blinking was studied

Figure 2.5. | Blinking properties. (a) Luminescence intensity of the QD in Figure 2.9 as a function of time (in
counts per 10-ms time bin). The QD is excited with CW 445-nm laser light. (b) Probability density distributions
of the on and off time periods. The data is fitted to power law distributions Pon(of)(t) ∝ t−kon (of) with koff = 2.44
and kon = 1.02. Inset: survival probabilities Son(of)(t) =

∫∞
t
Pon(of)(τ) τ constructed from the data in panel

(b).
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on 25 different QDs and it was observed with each time the same two-state (on/off ) pattern, with a
on-state fraction of 95.5% on average.

To benchmark the fluorescence intermittency in the InP/ZnSe QDs studied here against the extens-
ively studied CdSe/CdS QDs, the probability density distributions Pon(t) and Poff(t) are defined for
the QD to stay in an on or an off state during the time t. The shortest on or off duration is determined
by the selected binning time, which is 10 ms, and the longest duration is limited by the emission char-
acteristics of the QD and the time duration of the measurement. The two distributions are calculated
from the data in Figure 2.5a in the following way:

Pon(of)(tn) = Number of “on” (“of”) events of duration tn
Total number of “on” (“of”) events × 1

∆avg(tn)
(2.10)

Here, ∆avg(tn) = (tn+1 − tn−1)/2 is the average of the time intervals to the next shorter and next
longer observed events.28 ThedistributionsPon(t) (red dots) andPoff(t) (blue open squares) are plotted
in Figure 2.5b in a log-log scale. The linear alignment of the data points in Figure 2.5b indicates that
both Pon(t) and Poff(t) follow an inverse power law: Pon(of)(t) ∝ t−kon(of) and linear regression (plain
lines in Figure 4.7b) shows that koff = 2.44 and kon = 1.02. The steeper slope of the off events makes
off periods of 10 ms about 100 times more likely than 100-ms ones. A similar analysis was performed
on 25 different QDs with an average value of 1.2 for kon and 2.2 for koff . A value of koff > 2 is
indicative of efficient blinking suppression and comparable to the values reported in nearly blinking-
free CdSe/CdSQD.4, 29 In the inset of Figure 2.5b, the survival probabilitiesSon(of)(t) =

∫∞
t Pon(of)(τ) τ

are shown, which represent the probability to find the QD in an on or an off state for a time longer than
t. Given the power-law distribution of Pon(t) and Poff(t), the survival probabilities Son(of)(t) scale in
principle as t−(kon(of)−1). However, as kon ≈ 1, Son(t) departs from this power law. The survival
probabilities show even more clearly that the off periods are remarkably short (10-100 ms) while the
on periods often last a few seconds or more. As can be seen in the inset of Figure 2.5b, the probability
that a QD turns on to remain bright during more than one second is about 50%. Such long on periods
are comparable to those reported by Mahler et al. in their study on thick-shell non-blinking CdSe/CdS
QDs.30 Although the atomistic origin of blinking in QDs is still debated,31 this observation puts the
InP/ZnSe QDs studied here among today’s state-of-the-art nearly blinking-free QDs.

Excitation-intensity dependence of blinking statistics

QDs were also excited at different excitation levels from the weak-pumping regime to saturation.
Their luminescence was recorded with a same binning time of 10 ms, as shown in Figure 2.6 (a-d). The
stability of the emission is preserved despite the excitation (and emission) intensities vary by about
one order of magnitude. The blinking displays a standard on-off pattern. The histogram of intensity
counts is plotted next to the blinking trace. It is observed that there is only a slight decrease in the
on-time fraction (from 97% to 86%) when the QD is subjected to a higher excitation intensities. To
quantify the blinking statistics, the probability-density distributions of the on and off states are plotted
in Figure 2.6 (e-h). It is observed that they again follow an inverse-power law Poff/on(t) ∝ t−koff/on . The
fit yields the power-law factors koff and kon indicated in the figures with an increase of kon from 1.1 to
1.6 and a decrease of koff from 2.3 to ∼2.0. At higher excitation power, the on periods become shorter
and the off periods become longer, but still more than one order of magnitude shorter than the on
ones. Even at excitation intensities close to saturation, the off states of the QD are still much shorter
than the on states. Their survival probabilities shown in the insets confirm that the on periods remain
significantly longer than the off periods. It is noted that while the density of low-emission photons
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Figure 2.6. | Blinking at higher excitation intensity. (a-d) QD luminescence photon-counting traces (10-ms
time bin) at different excitation intensities: 76 W/cm2, 420 W/cm2, 640 W/cm2, and 950 W/cm2 respect-
ively. (e-h) Corresponding probability density distributions of the on and off time periods fitted to power law
distributions Poff/on (t) ∝ t−koff/on . Inset: survival probabilities Soff/on(t) =

∫∞
t
Poff/on(τ) dτ constructed from

the same data.
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Figure 2.7. | Time dependent single QD spectrum at room temperature. (a) Time sequence of a single
QD emission. Resolution of the CCD camera is 40 pm. (b) Integrated spectrum with a Gaussian fit that has a
linewidth of 19.8 ± 0.1 nm. (c) A ±3 nm peak shift from central emission energy by fitting Gaussian function
at each acquisition. [Integration time is 0.5 s]

is indeed very low, the histogram of the emission from the bright state show a quite large width. The
larger width in the histogram is attributed to switching to extremely short off periods which creates an
uncertainty in the emission counts when switching back to on periods. The stable emission in addition
to the preserved antibunching at saturation intensities (see section 2.4.2) further consolidates that this
type of InP/ZnSe QDs is suitable for applications in quantum optics.

Spectral diffusion at room temperature

To determine the effect of spectral diffusion of these QDs at room temperature, the time-dependent
emission of single QDs (Batch-B InP/ZnSe QD having core/shell diameter of 7 nmwith a core diameter
of 3.2 nm) is measured by exciting them at 400 nm using a pulsed laser having a repetition rate of 8
MhZ with an integration time of 0.5 s. Figure 2.7a shows a time and spectral resolved image sequence
of an emission from a single QD excited at 1400W/cm2. Note that the resolution of the CCD camera is
40 pm. Figure 2.7b shows a time-integrated spectrum with a Gaussian fit that has a linewidth of about
19.8 nm (66 meV). By fitting the Gaussian function at each acquisition, the central emission energy is
extracted. Figure 2.7c shows the time-dependent spectral peak shift from the central emission energy
with a range of ±3 nm (±10 meV). Note that this QD also exhibits nearly-blinking free emission with
longer on periods. This measurement on a dropcasted single QD on glass substrate was done in an
ambient condition which indicates that the photo-oxidation of the QDs is prevented by the protective
shell, but subjected to a spectral jitter attributed to quantum confined stark effect. Note that the
single QD linewidth of 14 nm (46 meV) shown in Figure 2.3 belonging to Batch-A was an integrated
average spectrum for 60 s. See Chapter 5 for the detailed study on spectral diffusion and the structural
conditions that determine the minimal SD for spherical QDs.
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Figure 2.8. | Antibunching. (a) Second-order correlation function g(2)(t) of a QD under CW excitation at
445 nm. (b) Second-order correlation function of the same QD under 445-nm (picosecond) pulse excitation at a
repetition rate of 10 MHz. The strong antibunching is raw data, without background subtraction nor compens-
ation for intensity differences in start/stop channels. (c) Histogram of g(2)(0) values under CW excitation. The
non-zero value of g(2)(0) is only attributed to the residual background noise and not the multi-exciton emission.

2.4. Efficient single photon emitter

2.4.1. Antibunching

Strong photon antibunching was observed from single InP/ZnSe QDs. Figure 2.8a shows the second-
order correlation function g(2)(t) of a single QD measured under CW-laser pumping at 445 nm. The
antibunching in Figure 2.8a is almost ideal with only a residual background-limited zero-delay value
g(2)(0) = 0.03. The data is fitted to the function g(2)(t) = 1 − [1 − g(2)(0)] exp(−(γ + wp) |t|),
where wp = σI/(h̄ωp) is the pumping rate of the QD and γ its luminescence decay rate.32 The
experiment was performed in a weak excitation regime (wp ≪ γ). The fit yields (γ + wp)−1 ≈
γ−1 = 19.3 ns in line with the luminescence decay time statistics measured by direct photon timing
(see Figure 2.3). The same QD was also excited with 445-nm picosecond pulses at a repetition rate
of 10 MHz. No zero-delay peak was seen in the second-order correlation function (see Figure 2.8b),
even in logarithmic scale, confirming that multi-exciton emission is very efficiently quenched by non-
radiative Auger recombination of charge carriers. The solid lines are single exponential fits to exp

(
−

γ (|t − nTrep|)
)
, where n ̸= 0 is the order of the correlation peak and Trep is the repetition rate of

the pulse. The g(2)(0) value was measured for 70 single QDs in the CW-pumping regime and found a
mean value of 0.19 with a standard deviation of 0.1 (see Figure 2.8c). In each case the antibunching was
limited by the residual background noise, not by multi-exciton emission (see section 2.2.2 for faster
biexciton Auger rate).

2.4.2. Purity at saturation excitation intensity

A high photoluminescence quantum yield (PLQY) and a strong antibunching are key for using In-
P/ZnSe QDs as integrated single-photon emitters in quantum technology applications. In this per-
spective, it is crucially important that antibunching be preserved in the saturation regimewhen I ≫ IS
(equivalently, wp ≫ γ), such that I/(I + IS) = wp/(wp + γ) ≈ 1. If this condition is fulfilled, the
emitter can act as a photon gun, i.e, a short-pulse excitation with sufficient fluence can completely in-
vert the population of the effective two-level system and trigger the spontaneous emission of a single
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Figure 2.9. | Antibunching at higher excitation intensities. (a) Second-order correlation function of a
single QD at different CW-pumping intensities at 445 nm. (b) Antibunching width-constant γ+wp as a function
of the pump intensity. (c) Luminescence decay of the QD using a pulsed excitation with a repetition rate of 2.5
Mhz.

photon with a probability equal to the PLQY. In Figure 2.9a, the second-order correlation traces re-
corded on a single InP/ZnSe QD at pump intensities increasing from 76 W/cm2 to 950 W/cm2 is
shown. Over the entire intensity range, the luminescence of the QD preserved a strong antibunching,
with a narrowing of the zero-delay dip at higher pump intensity and a stable background-noise limited
g(2)(0) between 0.05 and 0.14. By fitting the g(2)-functions, the time constant (γ + wp)−1 could be
determined as indicated in Figure 2.9a. It can be seen that this time constant is always smaller than
the emission lifetime – determined at γ−1 = 21 ns for this particular QD (see Figure 2.9c), and drops
from 18.8 ns to 9.4 ns with increasing pump intensity.

Figure 2.9b represents γ+wp as a function of the pump intensity I . In line with the linear dependence
of wp on the pump intensity, γ + wp changes linearly with I . A best fit yields a slope σ/(h̄ωp) of
5.9×104 cm2/J, fromwhich the absorption cross-section of the QD obtained as σ = 2.0×10−14 cm2.
This figure is equal to the ensemble value that was derived from the photoluminescence saturation as
plotted in Figure 2.1c. By extrapolating the data in Figure 2.9b to the I → 0 limit, the luminescence
decay rate of the QD was found as γ = 46.7 µs−1 (1/γ= 21.4 ns), a figure that agrees well with the
luminescence decay time γ−1 = 21 ns obtained in a direct photon-timing experiment (see Figure 2.9c).
Combining σ and γ, the saturation intensity of this QD is determined as IS = h̄ωpγ/σ = 790 W/cm2.
Hence, the data shown in Figure 2.9 demonstrate that strong antibunching is preserved for pumping
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intensities up to 1.2 × IS, with no sign of multi-exciton emission nor significant photo-degradation
of the emitter, two essential properties enabling the use of InP/ZnSe QDs as triggered single-photon
emitters in quantum optics applications.

In the case of CdSe/ZnS, the persistence of photon antibunching when pumping single QDs above
the saturation intensity was attributed to the quenching of radiative recombination of multi-excitons
by fast Auger recombination.33 To quantify the rate of Auger recombination, and thus the yield of
multi-exciton emission in the case of the InP/ZnSe QDs studied here, the transient absorbance of an
InP/ZnSe dispersion was studied after femtosecond optical pumping. As discussed in the section 2.2.2,
an additional decay component with a time constant of ∼ 70 ps appeared in the transient absorption
at high pump intensities. Such a fast component is a typical characteristic of Auger recombination
of multi-excitons.34 Therefore the corresponding decay rate γXX = 14.3 ns−1 is interpreted as the
combined result of biexciton decay by radiative and non-radiative (Auger) recombination, i.e. γXX =
γr,XX + γnr,XX . Writing the radiative recombination rate of biexcitons35 γr,XX = 4γ (γ−1 = 36 ns
is the decay time of the fundamental exciton in solution), the radiative biexciton quantum yield is
estimated in InP/ZnSe QDs as: PLQYXX = γr,XX/γXX = 0.77%. This low value explains why
single-photon emission is retained at high pumping power.

2.5. Conclusion

In conclusion, single InP/ZnSe colloidal QDs show a combination of narrow room-temperature emis-
sion spectrum, strong antibunching, mono-exponential luminescence decay, reduced blinking, and
photostability. Single QD spectroscopy study demonstrates that single-photon emission is preserved
at saturating intensities, which is attributed to fast non-radiativeAuger recombination ofmulti-excitons.
Although these fast multi-exciton recombination rates might limit their use for light amplification,
these QDs are ideally suited for quantum optics applications as single-photon turnstile devices. Fur-
thermore, reduced cytotoxicity compared to Cd-based QDs offers them a prospect in life-science ap-
plications.36 Unconventionally, despite the strong Auger blockade mechanism, single QDs display
very little luminescence intermittency (blinking), with good photostability, which places these QDs in
the class of nearly blinking-free QDs, with emission stability comparable to state-of-the-art thick-shell
and alloyed-interface CdSe/CdS.
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Synopsis

Using polarization resolved single-QD PL, this chapter shows radiative recombination of bright
exciton fine structure identifying emissions from exciton-doublet, trion-singlet & biexciton-
doublet. Fluorescence line narrowing spectra of an ensemble of QDs in magnetic fields demon-
strate that the bright exciton effectively consists of three states. The Zeeman splitting of these
states is well described by an isotropic exciton model, where the fine structure is dominated
by electron-hole exchange and shape anisotropy only leads to a minor splitting of the F = 1
triplet. It is postulated that excitons in InP-based QDs are nearly isotropic because of the par-
ticular ratio of light and heavy hole masses in InP.

Based on the publication J. Phys. Chem. Lett. 2019, 10, 18, 5468-5475
Synthesis of InP/ZnSe QDs by Dr. Dorian Dupont, Ghent University, Belgium
FLN measurements by Dr. Annalisa Brodu, Utrecht University, Netherlands
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3.1. Introduction

3.1.1. Multi-band envelope function approximation

The electronic structure of semiconductors can be modelled using different theories: ab initio method,
density functional method and semi-empirical methods like tight binding, pseudo-potential & envel-
ope function. These methods differ in the choice of basis functions to represent the Schrödinger equa-
tion like atomic basis, plane wave basis and Bloch state basis in the aforementioned semi-empirical
methods respectively. Colloidal quantum dots (QDs) are quasi-spherical semiconductor nanocrystals
(NCs) in which an electron-hole pair is confined in a volume with dimensions smaller than the ex-
citon Bohr radius of the corresponding bulk material. Under such strong confinement conditions, the
conduction band (CB) and valence band (VB) edges are reduced to a set of quantized eigenstates that
describe electron and hole motion. Periodic materials like NC can be easily modelled using envelope
function method which form the basis for effective mass approximation (EMA) theory. For II-VI and
III-Vmaterials like CdSe, CdTe and InP having either wurtzite or zincblende lattice structures, the band
edges are near the center of the Brillouin zone (Γ point). In these NCs, the CB has s-like symmetry
with two-fold spin degenerate lowest level and VB has p-like symmetry with six-fold spin degenerate
uppermost level. The VB has three sub-bands: heavy hole (HH), light hole (LH) and split-off (SO)
bands, with HH & LH bands degenerate at the Γ-point and the SO band well separated from them
due to spin-orbit interaction. For non-zero values of wavevector k, energy-dispersion curve shows
that the HH component descends at a rate slower than LH corresponding to their effective masses and
thus they get their names. The Hamiltonian for such a system was initially derived by Luttinger and
Kohn.1, 2

A single band EMA described in section 1.2.2 do not include the complex nature of band edge struc-
tures. An improvement is a multi-band EMA or k.p perturbation method which also includes the pos-
sibility of band-to-band tunneling due to the presence of a static field or a lattice defect producing free
carriers. This model can be applied to QDs of arbitrary shape and material composition, including the
effect of strain, piezoelectricity, spin-orbit interaction, crystal field splitting, VB mixing and CB-VB
interaction.3 Since the basis functions are described in terms of Hamiltonian matrices, the multi-band
EMA gets its name from the number of bands that are included to evaluate the envelope wavefunc-
tions. A simple model for VB is expressed in terms of a 4 × 4 Hamiltonian describing HH and LH. A
6×6 Hamiltonian adds the term Γ7 SO band as well. The coupling of VB and CB is taken into account
in a 8 × 8 Hamiltonian, also called as Kane Hamiltonian4 or Pidgeon-Brown model,5 by including Γ6
CB to the above Luttinger Hamiltonian.

In wide bandgap NCs like InP, VB-CB coupling is weak and hence the VB can be expressed with a
6 × 6 Luttinger Hamiltonian while a single band EMA is sufficient to describe the CB. A mixing of VB
levels occurs when applying the spherical boundary condition to the Hamiltonian. So the quantum
numbers Jh = Lh +Sh from the unit cell and Lh from the envelope function are not conserved. Here,
L & S are total azimuthal & spin quantum numbers respectively. Only the total angular momentum
of hole Fh = Jh + Lh and the parity are the good quantum numbers. Further, the envelope function
and the unit cell function also mix together, an effect called as S-D mixing.6, 7 Due to the mixing of
the Lh and Lh + 2 states in the hole wavefunction, the selection rule ∆n = 0 is relaxed causing
multiple transitions at the band edge.8 Here, n is the principal quantum number. Energy states are
labeled as nLF and this approach leads to a two-fold, spin degenerate lowest conduction-band state
labeled 1S1/2,e and a fourfold degenerate upper valence band state labeled 1S3/2,h. Note that a lack of
inversion symmetry in zincblende structure slightly displaces the valence band maximum from k = 0,
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though this effect is weak.9 It is noted that some reports suggested 1S1/2,e and 1P3/2,h could form the
lowest exciton state in InP QDs, especially for smaller sized QDs.10, 11 While this requires a detailed
theoretical analysis, our results seem to agree with the model of Efros et al. where the valence band
mixing effect was discussed considering only the short-range exchange interaction.12 However, this
does not rule out the possibility of closely lying energy levels, but the correct ordering of levels for
the specific size of the QDs requires further study.

The energy of the first quantum size level given by Efros et al.:12

For electrons:

E1S1/2,e
= h̄2π2

2mea2 (3.1)

where whereme is the electron effective mass and a is the radius of the crystal.

For holes:

E1S3/2,h
(β) = h̄2ϕ2(β)

2mhha2 (3.2)

wheremhh is the HH effective mass and ϕ(β) signifies the dependence of the hole ground state func-
tion on the light to heavy hole effective mass ratio β = mlh/mhh.13

The effect of interfaces in heterostructures affecting the Hamiltonian is beyond the scope of this dis-
sertation and only the core material is taken into account describing the first quantum size levels and
fine structures in InP material which agrees with the experimental results to be described later.

3.1.2. Fine structure

A multi-band EMA has the advantage of providing analytical expressions in which semiconductors
are characterized by a limited set of parameters – which are often known for the corresponding bulk
material – and the QD diameter is implemented as a continuously changing variable.14 In the case of
zinc blende or wurtzite semiconductors, which include II-VI and III-V materials such as CdSe, CdTe
and InP, this approach leads to a two-fold degenerate lowest conduction-band state and a fourfold
degenerate upper valence-band state.14 As highlighted in Figure 3.1a-b, these degeneracies reflect the
angular momentum of the Bloch states that make up the electron states at the edge of the conduction
band (s = 1/2) and the valence band (j = 3/2), respectively.14 The eigenstates of electron-hole pairs
or excitons are then conveniently expressed using direct products of the two different conduction-
band (electron) and four different valence-band (hole) states as a basis, see Figure 3.1c. The eightfold
degeneracy of the spherical band edge exciton energy level in QDs is lifted by three significant factors
such as: (1) electron-hole exchange interaction, (2) shape asymmetry ∆sh and (3) intrinsic crystal field
splitting ∆int (only in case of hexagonal lattice structure). For cubic lattice structures like InP, only
the first two terms need to be taken into account with ∆int = 0.

First, the exchange interaction splits the exciton levels in an optically dark low energy quintuplet and
a high energy, bright triplet that are exciton eigenstates with total angular moment F = j + s of 2
and 1, respectively (see Figure 3.1c). The exchange interaction has the following form given by the
Hamiltonian:12
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Ĥexch = −(2/3)ϵexch(a0)3δ(re − rh)σJ (3.3)

where a0 is the lattice constant, ϵexch is the exchange strength constant, σ is the electron spin-1/2
matrix and J is the hole spin-3/2 matrix.

This exchange interaction induced splitting in terms of bulk exciton Bohr radius (aB) can be written
as:12

h̄ωST = (8/3)π(a0/aB)3ϵexch (3.4)

Second, the shape asymmetry, by lifting the hole state degeneracies, split the exciton energy levels
from a 3-fold degenerate bright and 5-fold degenerate dark state into further fine structures as shown
in Figure 3.1c. The splitting due to this shape asymmetry can be written as:12

∆sh = 2µu(β)E1S3/2,h
(β) (3.5)

where the deviation from the sphericity is characterized by the ratio c/b = 1 + µ of ellipsoid’s major (c)
to minor (b) axes. Here µ denotes the ellipticity of the crystal which is positive for prolate-like crystals
and negative for oblate-like crystals. The dimensionless function u(β) decreases from a positive value
at β=0, becomes zero and then negative at β=0.14 and goes to zero again at β=1.15 As discussed in
section 3.3.4, this effective mass ratio of LH to HH is 0.149 for InP16 making the energy level structure
rather insensitive to shape anisotropy induced splitting.

The lowest exciton fine structure energy levels can be expressed by taking into account both the split-
ting parameters due to exchange interaction η and shape asymmetry ∆ = ∆sh + ∆int:12

E±2 = −3
2
η − 1

2
∆

EL
±1 = 1

2
η −

√
(2η − ∆)2

4
+ 3η2

EU
±1 = 1

2
η +

√
(2η − ∆)2

4
+ 3η2

EL
0 = −3

2
η + 1

2
∆

EU
0 = 5

2
η + 1

2
∆

(3.6)

For CdSe-based colloidal QDs, multiple studies have shown that the multi-band effective mass descrip-
tion of exciton states agrees with the experimental characteristics of these states. First, the observa-
tion that CdSe QDs exhibit longer radiative lifetimes at cryogenic temperatures, was assigned to the
presence of lowest energy dark exciton state.17 Next, a more detailed study interpreted the different
exciton features visible through fluorescence line narrowing (FLN) and photoluminescence excitation
(PLE) spectroscopy using the combined contributions from electron-hole exchange, the crystal field
and shape anisotropy to the exciton fine structure.18 These reports were complemented by micropho-
toluminescence (µ-PL) on single CdSe-based QDs, which confirmed the presence of the lowest dark
state and allowed for a direct measurement of the dark-bright splitting from the respective emission
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Figure 3.1. | Valence band mixing. (a) Outline of the edges of (blue, VB) the valence-band and (red, CB)
the conduction of a zinc blende semiconductor around the center of the Brillouin zone, showing the (lh) light
hole, (hh) heavy hole and (so) split off VB. (b) Representation of the CB and VB Bloch states at the Γ point,
highlighting the degeneracy of both states in relation to their s = 1/2 and j = 3/2 angular momentum. Bright
colors represent occupied states, semi-transparent colors empty states. (c) Overview of the 8 exciton states
obtained as direct products of a CB electron and a VB hole state. The direct product states are labeled using
the z-component of the total angular momentum F of the exciton. Transitions from the ground states to states
boxedwith a dashed line are spin forbidden. Again, bright colors represent occupied states and semi-transparent
colors empty states. (d) Exciton eigenenergies calculated as a function of the anisotropy splitting energy ∆ using
an exchange splitting parameter η = 2 meV. States are labelled by means of the angular momentum projection
quantum number Fz along the quantization axis. Full lines represent bright states, dashed lines dark states.
Note that exchange couples the two Fz = 0 states to yield a bright (singlet) state and a dark (triplet) state. In
the isotropic case, only the three F = 1 states are bright, whereas the five F = 2 states are dark as indicated
by the filled and open circles.

lines.19, 20 More recently, this body of work was extended by the analysis of the emission of wurtzite
CdSe QDs in magnetic fields, both at the level of ensembles and single QDs. These investigations
highlighted the additional contribution of lateral shape anisotropy,21, 22 and resulted in estimates of
the electron and hole g-factor.23

For InP QDs, however, the nature of the emissive state remains unclear. In line with the exciton model,
time-resolved and FLN studies confirmed the presence of the lowest energy dark state and a higher
energy bright state, with a 5-10meV dark-bright splitting,24, 25 Other reports, however, suggest that the
PL may involve transitions between a conduction-band electron and a trapped hole.26 In particular, a
distribution of shallow hole traps may account for the persistently broad PL of InP QD ensembles and
the remarkably high Stokes shift of the PL. On the other hand, studies using either photon-correlation
Fourier spectroscopy in solution or µ-PL have shown that single InP/ZnSe QDs have an emission line
at room temperature that is ∼ 50 meV wide, not unlike CdSe-based QDs.27, 28 Such discrepancies call
for a more in-depth study on the InP QD fine structure, such that experimental data can be compared
to predictions of the multiband EMA model.
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3.2. Bright exciton fine structure

3.2.1. Exciton, biexciton & trion

Figure 3.2. | Exciton, biexciton & trion. (a) (top) µ-PL time trace recorded on a single InP/ZnSe core/shell
QD at cryogenic temperatures (5 K) showing emitted intensity as a function of the photon energy and measure-
ment time under low power excitation. A doublet emission feature labeled X is clearly visible. (bottom) Time
integrated spectrum highlighting the spectral doublet and the energy splitting δ of 1.2 meV. Note: The color
scale in the time trace has the same scale the intensity axis in the time-integrated spectrum. (b) The same under
higher excitation power, showing a temporal switch between the doublet X and a singlet emission line labeled
T. Both features are retained in the integrated spectrum. (c) The same under even higher excitation power,
showing a similar doublet-singlet switch as in (b) and the simultaneous occurrence of a second doublet labeled
XX shifted by 9.5 meV to lower energy as compared to doublet X. The inset shows a close-up of the XX doublet.
(d) Integrated intensity of the X and XX doublets as a function of excitation power. (e) Scheme showing that in
a biexciton-exciton-ground state emission cascade, the biexciton line and the exciton line will exhibit the same
splitting.

InP/ZnSe QDs for this study was prepared according to the method described in section 1.5.2. For
single QD spectroscopy, we dropcast a nanomolar dispersion of InP/ZnSe QDs in a 1% solution of
polystyrene-toluene on quartz coverslips, which was mounted in a PL microscope (see Appendix C.1).
Using continuous wave excitation at 473 nm while keeping the temperature set at 5 K, we observed
various characteristic features in the emission spectrum of a single InP/ZnSe QD. At relatively low
excitation power, the image trace and the corresponding integrated spectrum feature a spectral doublet
centered at 1.992 eV and split by an energy difference of δ = 1.2 meV, see Figure 3.2a. Note that
acoustic phonon sidebands (PSB) are visible on either side of the doublet line. Upon increasing the
excitation power, the time trace represented in Figure 3.2b features an abrupt, temporal interruption
of the doublet emission that leads to a single, narrow emission line 16.5 meV to the red of the doublet
line. This singlet line exhibits clear phonon sidebands at either side of the central emission line. These
sidebands account for 30% of the total emission and have a maximum intensity shifted by 1.1 meVwith
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respect to the main emission line, an energy shift that agrees with the vibrational modes of small InP
nanocrystals.29 A similar switching between emission spectra characterized by a doublet line and a
single line was observed in a µ-PL study on CdSe/ZnS QDs by Fernee and coworkers.30 Assigning the
doublet to exciton emission and the singlet to trion emission, these authors interpreted the switching
between the exciton and the trion emission to the random trapping of a band-edge carrier in a localized
state.

Interestingly, at even higher power, the switching between the doublet at ∼ 1.992 eV and the sing-
let line persists, yet the doublet line now concurs with a second, low-intensity doublet. This second
doublet is shifted by 9.5 meV to lower energy and features the same splitting δ of 1.2 meV (see Fig-
ure 3.2c). Moreover, the intensity of the higher-energy doublet as recorded using continuous-wave
excitation scales sub-linear with the excitation power, whereas the intensity of the additional, lower-
energy doublet exhibits a supra-linear excitation power scaling. As indicated in see Figure 3.2d, fitting
both power-dependent intensities to a power law yields two exponents with a ratio of 2.20 ± 0.25.
Both observations support the assignment of the higher-energy doublet at ∼ 1.992 eV to the bright
exciton (X), and the lower energy doublet to the biexciton (XX). As outlined in Figure 3.2e, one indeed
expects the transition from the biexciton to the exciton to yield an emission line that is the energetic
mirror image of the bright exciton recombination. In that case, the singlet line can be assigned to a
trion transition (T), not unlike previous studies on single CdSe/ZnS QDs.30 The exciton doublet of
single CdSe/ZnS QDs, on the other hand, was interpreted in terms of the exciton dark-bright splitting,
where the high energy line of the doublet corresponds to the bright exciton and the low energy line to
the dark exciton recombination. However, in the case of InP/ZnSe QDs emitting at a similar photon
energy as the QDs studied here, the dark exciton was only observed through a broad, phonon-coupled
emission feature shifted 5-15 meV to the red of the bright exciton.25 Clearly, this observation supports
the assignment of the high energy doublet in the case of InP/ZnSe QDs to a bright exciton doublet
rather than a bright-dark combination. Possibly, the combination of strong broadening and long ra-
diative lifetimes makes the dark exciton indiscernible in the emission spectrum of single InP/ZnSe
QDs. In addition, the competition between radiative recombination of the bright exciton and cooling
into the dark exciton state may account for the lower than expected power scaling of the exciton and
biexciton emission with increasing pump power since the presence of a dark exciton will promote
non-radiative Auger recombination.

3.2.2. Estimation of phonon temperature

Lineshape of the PL spectrum of the QD at cryogenic temperature is often a sharp ZPL superimposed
by the broadband acoustic phonons.31 The intensity of the broadband reflects the thermal distribution
of phonons, described by the phonon population factor:

Nq = 1/(exp
(
h̄ω

kBT

)
− 1) (3.7)

where kB is the Boltzmann constant and ω is the emission frequency. At cryogenic temperatures, in
the limit where multi-phonon processes are negligible, the phonon emission process proportional to
(Nq + 1) is dominant over phonon absorption process proportional toNq , resulting in the asymmetric
broadband visible in trion spectrum (see Figure 3.3) where the phonon emission is observed at lower
energy to ZPL and phonon absorption at higher energy to ZPL. In PL experiments with the ZPL taken
as the zero of frequency,32

ln
(
I(−h̄ω)
I(h̄ω)

)
= h̄ω

kBT
(3.8)
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Figure 3.3. | Phonon temperature. Trion spectrum obtained at 5K is plotted with respect to the shift from the
central emission energy (shown in red). The intensity ratio ln((I(-h̄ω))/(I(h̄ω))) is also plotted (shown in black)
and the solid line is the linear fit over the range of phonon processes from which a phonon temperature of about
9K is obtained.

This intensity ratio is also included in Figure 3.3 which is fitted with a linear function (with intercept
fixed to zero), from which we determine a phonon temperature of ≈9K.

3.2.3. Trion tracking the polarization of exciton

To corroborate the assignment of the three emission features to the exciton, the trion and the biexciton,
we further analyzed the polarization of the different emission lines. To do so, we successively passed
the emitted light through a rotatable half-wave plate and a calcite beam displacer separating the lin-
early polarized components along and orthogonal to the displacement. Both parts were transmitted
through the input slit of an imaging spectrometer at different positions along the slit and detected by
the same CCD camera. Figure 3.4a shows the thus recorded spectra I∥ and I⊥ for a fixed orientation
of the half-wave plate – characterized by an angle θ and thus a polarization rotation ϕ = 2θ – under
excitation conditions where the X, T and XX emission features are present. One sees that all the emis-
sion lines exhibit a pronounced polarization. Interestingly, the polarization of the lines constituting
the X and XX doublets are each others mirror image. As outlined in Figure 3.2e, where the color coding
agrees with the polarization analysis of 3.4a, this result is expected when both lines involve the same
set of split bright exciton states. The trion polarization, on the other hand, appears to coincide with
that of the high energy line of the X doublet. Focusing on the trion line, Figure 3.4b highlights that
the intensities measured in both channels systematically change while rotating the half-wave plate.
Starting at ϕ = 60◦, the trion emission intensity is highest in the parallel channel. Upon rotating the
half-wave plate to ϕ = 110◦, one sees that the intensities in both channels become about equal, while
the highest intensity is recorded in the perpendicular channel at an angle ϕ = 154◦.

Using the intensity I∥ and I⊥ recorded in both channels (compensated for the different grating effi-
ciency of the two polarizations), we can define a degree of polarization (DOP) as:

DOP =
I∥ − I⊥

I∥ + I⊥
(3.9)
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Figure 3.4. | Polarization resolved single dot spectra. (a) Time-integrated emission spectrum of a single
InP/ZnSe QD under excitation conditions that lead to exciton, trion and biexciton emission as recorded in (blue)
the perpendicular and (red) the parallel channel. The inset shows a zoom on the biexciton doublet. For clarity,
an offset of 150 photo-electrons/s was added to the parallel trace. (b) Zooms on the trion emission for different
orientations of the half-wave plate as recorded in the perpendicular and parallel channel. The polarization rota-
tion introduced by the half-wave plate is given by the angle ϕ = 2θ, where θ gives the rotation of the half-wave
plate relative to a reference. (c) Color value/hue representation of the emission spectrum of a single InP/ZnSe
as a function of time. The hue represents the degree of polarization as indicated, whereas the brightness (value)
is proportional to the logarithm of the signal intensity. For brightness, the same scale is used as in the trion
spectra shown in b. The indicated angles ϕ represent the temporary orientation of the half-wave plate as out-
lined above. (d) Relative intensity measured in the perpendicular channel as a function of the orientation of
the half-wave plate for (filled blue dots) the low energy peak of the exciton doublet, (filled red circles) the high
energy peak of the exciton doublet, and (open red circles) the trion. Lines represent best fits to Eq 3.10.

Figure 3.4c shows an emission time trace recorded on the same InP/ZnSe QD as analyzed in Figure 3.2,
but represented as a value/hue plot, where the color value and hue correspond to the total emission
intensity and the DOP at each time point and emission energy. The figure highlights first of all the
systematic difference in polarization of the two lines of the bright exciton doublet. Second, thanks
to the switching between exciton and trion emission, it can be seen that the polarization of the trion
indeed tracks the polarization of the high energy line of the exciton doublet. Both observations are
confirmed in Figure 3.4d, which represents the relative intensity in the perpendicular channel for the
two exciton lines and the trion as a function of the rotation induced by the half-wave plate. The full
lines in Figure 3.4d represent fits of the different traces to the expression:

I⊥
I∥ + I⊥

= 1
2

+ADOP sin (2(ϕ− ϕ0)) (3.10)

As shown in Figure 3.4d, such fits yielded a DOP amplitudeADOP in the range 0.25-0.3 for the different
transitions. Moreover, the angular difference between the two lines of the exciton doublet amounted
to 57 ± 3◦, whereas the polarization angle of the triplet line and the high energy line of the exciton
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Figure 3.5. | Origin of random bright exciton splitting. (a) Sequence of splitting of the exciton states
when z axis anisotropy dominates, for a case where the light hole exciton is lowered in energy. In that case, a
bright exciton doublet can result from additional anisotropy in the x− y plane. (b) Sequence of splitting of the
exciton states when exchange dominates. In that case, a bright exciton doublet can result from a minor z-axis
anisotropy (attributed to the exciton doublet splitting in InP/ZnSe QD shown in Figure 3.2). In both figures, η is
the exchange parameter and ∆ the anisotropy energy for the ground state exciton,12 whereas full lines represent
bright exciton states and dashed lines are dark exciton states.

doublet was only shifted by 11 ± 3◦.

3.3. Origin of random bright exciton splitting

3.3.1. Fluorescence line narrowing spectra at higher magnetic fields

As argued above, the observation that the PL of a single InP/ZnSe QDs randomly switches at high
illumination power between a spectrum showing two doublet lines, commensurate in terms of energy
splitting and polarization, and a singlet line indicate that this PL results from recombination of band-
edge charge carriers rather than trapped carriers. The multiband effective mass model of the band-
edge exciton fine structure provides two possible interpretations of a bright doublet in QDs with a
zinc blende crystal structure. First, as shown in Figure 3.1d, pronounced shape anisotropy brings
either the light hole or heavy hole exciton states down in energy, which are both 4-fold degenerate
states that are further split by exchange interaction to give exciton states with a fixed component of
the angular moment Fz along the quantization axis z. This situation is detailed in Figure 3.5a for the
case where the light hole is lowest in energy. This yields a fine structure in which a bright Fz = ±1
exciton doublet is separated from the Fz = 0 dark ground state by the exchange interaction and from
the higher energy bright Fz = 0 exciton singlet by thrice the exchange interaction.12 Additional
anisotropy in the xy plane will split this isolated Fz = ±1 exciton in two components,21, 22 emitting
light linearly polarized along the x and y axis.33 When the heavy hole states are lowest in energy, a
similar situation arises where the lowest-energy bright state is an Fz = ±1 exciton that will be split
by lateral anisotropy. Second, when the exchange interaction dominates, shape anisotropy will merely
split the upper bright triplet in two components, a first with angular momentum Fz = 0 and a second
with angular momentum Fz = ±1 (see Figure 3.5b). Such excitons will emit light linearly polarized
along the z-axis and light circularly polarized within the xy plane, respectively. Finally, while shape
anisotropy makes the low energy Fz = ±1 exciton bright through coupling with the high energy
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Fz = ±1 exciton, this effect remains negligible for small deviations from the isotropic case. Hence
the representation of the lower energy Fz = ±1 exciton by a dashed line in Figure 3.5b.

To determine the overall degeneracy of the bright exciton – 2-fold with a minor splitting due to an-
isotropy in the xy plane or 3-fold with a minor splitting due to anisotropy along the quantization axis
z, see Figure 3.5 – the emission of an ensemble of InP/ZnSe QDs is analyzed by FLN spectroscopy in
a magnetic field (see Appendix C.3 for the layout of the setup). For this study, a sample with a peak
emission at 2.12 eV at 4 K was used (see Figure 3.6a), which was pumped resonantly at 2.06 eV using
a monochromatic laser source. While not exactly identical, these experimental settings are in good
correspondence with the single InP/ZnSe QDs discussed before. As shown in Figure 3.6b, FLN spectra
were acquired in Faraday configuration with the excitation light parallel to the direction of the mag-
netic field. The excitation light had a σ+ circular polarization, which dominantly excites the Fz = +1
state in the given configuration, while the emitted light was detected with σ− polarization.

Figure 3.7a represents the FLN spectra acquired in the absence of a magnetic field using the excitation
conditions described above. Note that the energy difference ∆E = h̄ωexc − h̄ωem between the excit-
ation and emitted photons is used as the horizontal axis. The three broad features labelled C, D and E
in the FLN spectrum were assigned previously to (C) the phonon activated dark exciton emission, and
replicas of this transition involving the additional emission of (D) ZnSe or (E) InP LO phonons.25 Using
the latter two as a yardstick (taking into account the energy differences), the bright-dark splitting in
these InP/ZnSe QDs was estimated at ∆Ebd = 6 meV (see Figure 3.7a).

With increasing magnetic field, two additional features were observed that shift to lower energy relat-
ive to the Fz = +1 state. The central wavelength of the shifting emission features in the FLN spectrum
is estimated by locally fitting the intensity I(E) to a sum of a Gaussian and a quadratic background:

I(E) = A exp
(
E − E0
w

)2
+ a0 + a1(E − E0) + a2(E − E0)2 (3.11)

In Figure 3.7b, low energy part of various FLN spectra obtained on the same InP/ZnSe QD ensemble
is shown, while increasing the magnetic field from 10 to 30 T. A first, labeled as A, can be discerned

Figure 3.6. | FLN measurement. (a) Emission spectrum of the InP/ZnSe QD ensemble used for the FLN
measurements as recorded at (bottom) 298 K and (top) 4 K. (b) Schematic outline of Faraday configuration used
during the FLN measurements, where the direction of the magnetic field is used to determine the z axis and,
accordingly, the Fz = +1 and Fz = −1 states as indicated. According to these conventions, σ+ circularly
polarized light will excite the Fz = +1 state, whereas recombination from the Fz = −1 will yield emitted light
with a σ− circular polarization.
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Figure 3.7. | FLN spectra. (a) Fluorescence line narrowing (FLN) spectrum of an ensemble of InP/ZnSe QDs
excited using 2.06 eV, σ+ polarized light. The energy difference ∆E measures the energy loss of the emitted
phonons relative to 2.06 eV. Using the energy of the ZnSe and InP optical phonon as a yard stick, the indicated
features are assigned to (C) acoustic phonon replica of dark state emission, (D) ZnSe LO phonon replica of
dark state emission, and (E) InP LO phonon replica of dark state emission. From this analysis, we obtain a
bright-dark splitting energy ∆Ebd = 6 meV. (b) FLN spectra of the same InP/ZnSe QD ensemble in different
magnetic fields as indicated. The dashed line highlights the two additional emission features, labeled A and B,
that appear in the spectra, whereas the short vertical lines indicate the estimated shift of each feature relative
to the excited level. (c) Energy shift of the features A and B with respect to the photo-excited Fz = +1 state.
The full lines represent the result of a global fit to the expression of the isotropic exciton model, using gh as the
only adjustable parameter (∆Ebd = 6 meV, ge = 1.6, gh = −1.925). The thin dashed line is an extrapolation
of the experimental data.

for fields of 18 T and higher and shifts from ∆E = 2.25 meV to 3.58 meV at 30 T. A second, labeled
B, appears first at fields of 10 T. This feature shifts more strongly with increasing field strength, from
2.48 meV at 10 T to 5.35 meV at 24 T. For the largest fields, the feature is reduced to a mere shoulder
on top of the rising side of the phonon-assisted dark exciton emission, making unreliable any determ-
ination of the energy shift. For both features, Figure 3.7c summarizes the energy shift as a function of
the magnetic field, where the features A and B are labelled as ∆E1,0 and ∆E1,−1, respectively. See
section 3.3.3 for the estimation of g factor and the reason to choose ge = 1.6 and ∆Ebd = 6 meV to
obtain gh = −1.925.

The observation of two emission features, shifting to lower energy with respect to the excitedFz = +1
bright state shows that in the absence of a magnetic field, the excited bright exciton consists of 3
different, nearly degenerate states. This result strongly contrasts to similar measurements on wurtzite
CdSe QDs, which showed a bright exciton doublet.21 Thus the spectral doublet of the single InP/ZnSe
QD analyzed in Figure 3.2 should be seen as a nearly isotropic exciton subject to minor splitting in a
singlet and a doublet state due to anisotropy along the quantization axis z as shown in Figure 3.5b.

3.3.2. Isotropic exciton model

When the 8 direct product states of the conduction-band electron and the valence-band hole is taken
as a basis (see Figure 3.1c), the exchange interaction couples states with the same angular momentum
component Fz into different isotropic exciton states.12 Taking the example of the Fz = +1 states, the
two basis states can be defined as:
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Figure 3.8. | Bright isotropic exciton. Representation of the energy of the bright isotropic exciton states
Fz = +1,Fz = 0 andFz = −1 state as a function of the appliedmagnetic fields, calculated using the parameters
η, ge and gh as indicated.
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Using this convention, the Hamiltonian operator H reads:12

H =
(

−1
2η −i

√
3η

i
√

3η 3
2η

)
(3.14)

Here, η is a measure of the strength of the exchange interaction. The eigenenergies of H correspond
to a bright high energy state EU = 5/2η and a dark low energy state EL = −3η/2, as can be seen in
Figure 3.1d for ∆ = 0. In the case of an isotropic exciton, the direction of the magnetic field B can be
taken as the z-axis, which means that the Zeeman Hamiltonian is diagonal in the give basis.12 For the
Fz = +1 states,

H =
(

−1
2η + µBBz

ge−gh
2 −i

√
3η

i
√

3η 3
2η − µBBz

ge+3gh
2

)
(3.15)

where ge and gh are the gyromagnetic ratio of the electron and the hole, and µB is the Bohr mag-
neton.

The upper eigenenergies E1,U of this Hamiltonian reads:

E1,U = 1
2
η − ghµBBz +

√
3η2 +

(
η2 − ge + gh

2
µBBz

)2
(3.16)

Figure 3.8 represents the energy of the E1,U state for a given set of parameters η, ge and gh.
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For the Fz = 0 states, the basis states can be similarly defined as:
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In that case, the Hamiltonian operator in the presence of a magnetic field reads:12

H =
(
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2 −i2η

i2η 1
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2

)
(3.19)

In this case, the upper eigenenergy is obtained as (see Figure 3.8):

E0,U = 1
2
η +

√
4η2 +

(
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2
µBBz

)2
(3.20)

Finally, for the Fz = −1 states, the basis states can be defined as:
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In that case, the Hamiltonian operator in the presence of a magnetic field reads:12

H =
(
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In this case, the upper eigenenergy is obtained as (see Figure 3.8):

E−1,U = 1
2
η + ghµBBz +

√
3η2 +

(
η2 + ge + gh

2
µBBz

)2
(3.24)

3.3.3. Estimation of the Hole g-Factor

Using the expressions derived in section 3.3.2 for E1,U , E0,U and E−1,U (Eqs 3.16, 3.20, and 3.24,
respectively), the magnetic field induced splitting between these exciton states can be written as (see
Eqs 3.25 and 3.26):

∆E1,0 = −ghµBB +
√

3η2 + (η − ge + gh

2
µBB)2 −

√
4η2 + (ge + gh

2
µBB)2 (3.25)

∆E1,−1 = −2ghµBB +
√

3η2 + (η − ge + gh

2
µBB)2 −

√
3η2 + (η + ge + gh

2
µBB)2 (3.26)

Here, η is a quarter of the bright-dark splitting between the high energy F = 1 and the low energy
F = 2 states, ge and gh are the gyromagnetic ratio of the electron and the hole, and µB is the Bohr
magneton. From Eqs 3.25 and 3.26, when gh is positive, the energy of hole states with the angular
momentum parallel to the magnetic field is lowered, whereas for ge positive, the energy of electron
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Figure 3.9. | Fitting of energy differences in FLN spectra. (a) Example of a global fit of the experimental
data, where ge was fixed at 1.8. (b) (bottom) Best fit values for gh as obtained by a global fit of the experimental
data as a function of the set value for ge and (top) Mean square residuals for the best global fit as a function of
the set value for ge.

states with angular momentum anti-parallel to the field is lowered.34 Unless |gh| ≪ |ge|, the first term
in Eqs 3.25 and 3.26 will be dominant, and a negative gh is needed to make the Fz = +1 state the
high energy state. Keeping η fixed at 1.5 meV yield satisfactory global fits of the experimental data to
Eqs 3.25 and 3.26, yet such fits do not allow for an accurate determination of ge and gh separately. So
one of the g factors has to be fixed to obtain a reasonable value for the other g factor that also agrees
with the experimental and theoretically predicted values. Thus the ge values were varied from 1.0 to
2.0 to estimate gh and it is obtained that the mean square deviation between the experimental and
fitted data hardly changes as shown in Figure 3.9b. Further, this variation of ge has little effect on the
best fit value of gh, which decreases from -1.8 to -2.0 across this ge range. Thus gh can be estimated
reasonably with an average value of −1.9 ± 0.1 (see Figure 3.9b). Since ge = 1.6 was reported for
self-assembled InP-based QDs,35 a global fit was done by fixing ge to this value and η fixed at 1.5meV.
This yielded a best fit for gh = −1.93 ± 0.03 which is shown in Figure 3.7c.

To compare this value of gh with the theoretically predicted value, the g-factor of a hole localized in a
spherically symmetric potential can be calculated as:12

gh = 4
5
γ1I2 + 8

5
γ(I1 − I2) + 2(5

3
γ − 1

3
γ1 − 2

3
)(1 − 4

5
I2) (3.27)

Here, I1 and I2 are integrals that can be calculated from the hole envelope wavefunction, whereas
γ1 and γ are Luttinger parameters. In the case that β = 0.149 for InP, the integrals I1 and I2 are
approximately equal to -0.95 and 0.3, respectively.12 With the Luttinger parameters γ1 = 5.1 and
γ = 1.65 for InP,36 it is calculated that gh ≈ −1.49 which reasonably agrees with the estimated value
of gh = −1.49 shown above. Similarly negative values have been predicted for multiple spherical
II-VI QDs,34 and a value of gh = −0.73 was derived from Faraday rotation measurements in the case
of wurtzite CdSe QDs.37

3.3.4. Impact of light hole to heavy hole effective mass ratio

Looking at Figure 3.7c in detail, it appears that the isotropic exciton model slightly underestimates
the energy splitting ∆E1,0 between the Fz = +1 and the Fz = 0 state. At least, a linear fit to the
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experimental data yields a line lying systematically higher than the global fit. This could reflect a
minor splitting of the three F = 1 exciton states at zero field, in line with the bright exciton doublet
measured on a single InP/ZnSe QD. Given the slightly larger than expected ∆E1,0 splitting, the low
energy line of the doublet would then correspond to the Fz = 0 state and the high energy line to
the Fz = ±1 states. Such an assignment can explain the different polarization of both lines since the
Fz = 0 state emits linearly polarized light with an electric field along the quantization axis, whereas
the Fz = ±1 states emit circularly polarized with the electric field in the xy plane. Note that the
particular viewing angle on a givenQD canmake that circularly polarized emission appears as partially
linearly polarized in the detection system used, and that the phase difference between both emission
lines differs from 90◦. Interestingly, in the case of isotropic QDs, theoretical work indicates that the
negative trion ground state emits circularly polarized light since the hole occupies either the jz = 3/2
or jz = −3/2 heavy hole level.38 The positive trion, on the other hand, has a mixed ground state that
leads to set of recombination pathways emitting either circular or linear polarized light.38 Hence, the
correspondence between the polarization of the high energy exciton doublet line and the trion singlet
line might point towards emission from the negative trion. Such a conclusion need, however, the
confirmation from a more in-depth study of these emission lines, for example to account for artefacts
induced by the viewing angle on a given QD.

Both through single QD PL and FLN spectroscopy discussed above, it appears that radiative exciton
recombination contributes to the PL of InP/ZnSe QDs. While this finding does not rule out trap-
related emission pathways,26 it does highlight that trap-related emission does not have to be dominant
recombination process in these QDs. More in general, the observation that excitons in InP/ZnSe QDs
are nearly isotropic is far from trivial. In the case of CdSe QDs, for example, little difference was
observed between the exciton fine structure of nanocrystals with a wurtzite or a zinc blende crystal
structure.39 Whereaswz-CdSe is intrinsically anisotropic, it was argued that relatively small deviations
from a spherical shape can account for the similar anisotropy of the exciton in zb-CdSe QDs. Similary,
an exciton model including exchange and shape anisotropy was used to describe the emission features
of single zinc blende CdTe QDs.40 Both examples suggest that deviations from an isotropic, spherical
shape are to be expected in the case of colloidal QDs, and it is not clear why InP QDs should be
an exception here. According to the exciton description developed by Efros, however, the impact of
deviations from a spherical shape on the exciton fine structure depends on the light hole to heavy
hole mass ratio β = mlh/mhh. Interestingly, the model predicts that the fine structure of the exciton
will be insensitive to shape anisotropy when β = 0.14, which means that under such conditions also
prolate or oblate ellipsoids will host isotropic excitons since ∆sh = 0 in equation 3.5.12 In the case of
InP, β depends on the direction in reciprocal space, yet an average of β over the (100), (110) and (111)
directions yields β = 0.149.16 In contrast, for wz-CdSe, the hole mass ratio amounts to 0.28,18 a value
at which the impact of shape anisotropy on the fine structure is about maximal.12 Possibly, having
an average hole mass ratio close to the critical value of 0.14 is what makes that InP-based QDs host
nearly isotropic excitons.

3.4. Conclusion

In summary, the emission of InP/ZnSe QDs is investigated using a combination of cryogenic micro-PL
spectroscopy of single InP/ZnSe QDs and FLN spectroscopy on an ensemble of InP/ZnSe QDs. It is
showed that the emission is related to exciton recombination, where the spectrum of a single InP/ZnSe
QD features a bright exciton doublet, a trion singlet and a biexciton doublet. FLN spectra recorded
versus magnetic field demonstrate that this bright exciton doublet reflects a minor deviation from the
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3-fold degenerate, isotropic bright exciton expected in spherical QDs with a zinc-blende structure.
The observation of isotropic excitons in InP/ZnSe QDs is assigned to the average hole mass ratio β
of InP being 0.149. In contrast with CdSe (β = 0.28), this number is close to the value of 0.14 at
which the exciton fine structure is insensitive to shape anisotropy.12 From a fundamental perspective,
isotropic excitons are highly interesting model systems for experimental studies and theory develop-
ment. Different from anisotropic excitons, isotropic excitons have a fine structure solely determined
by the exchange splitting. This makes the bright-dark splitting of isotropic excitons ideally suited to
compare the predicted size-dependence of the exchange interaction with experimental data. In ad-
dition, the interaction between an isotropic exciton and an external field is independent of the QD
orientation. As exemplified by the FLN study shown here, this makes that ensemble measurements
in external fields are not compounded by orientation averaging, such that material characteristics can
be determined in a direct manner from the analysis of ensembles. It is believed that the observation
of nearly isotropic excitons in InP-based QDs opens a new direction to investigate the exciton fine
structure in other nanoscale semiconductors.





C
ha

pt
er

3

Bibliography

1 J. M. Luttinger and W. Kohn. Motion of electrons and holes in perturbed periodic fields. Physical
Review, 97:869–883, 1955.

2 J. M. Luttinger. Quantum theory of cyclotron resonance in semiconductors: General theory. Physical
Review, 102:1030–1041, 1956.

3 Matthias Ehrhardt and Thomas Koprucki, editors. Multi-Band Effective Mass Approximations.
Springer International Publishing, 2014.

4 Evan O. Kane. Band structure of indium antimonide. Journal of Physics and Chemistry of Solids,
1(4):249 – 261, 1957.

5 C. R. Pidgeon and R. N. Brown. Interband magneto-absorption and faraday rotation in insb. Physical
Review, 146:575–583, 1966.

6 A. Baldereschi and Nunzio C. Lipari. Energy levels of direct excitons in semiconductors with de-
generate bands. Physical Review B, 3(2):439–451, 1971.

7 N. Chestnoy, R. Hull, and L. E. Brus. Higher excited electronic states in clusters of ZnSe, CdSe, and
ZnS: Spin-orbit, vibronic, and relaxation phenomena. The Journal of Chemical Physics, 85(4):2237–
2242, 1986.

8 Jian-Bai Xia. Electronic structures of zero-dimensional quantum wells. Physical Review B,
40(12):8500–8507, 1989.

9 M. L. A. Robinson. Evidence from cyclotron-resonance measurements for spin-degeneracy splitting
of the valence band of InSb near k→=0. Physical Review Letters, 17(18):963–965, 1966.

10 U. Banin, G. Cerullo, A. A. Guzelian, C. J. Bardeen, A. P. Alivisatos, and C. V. Shank. Quantum
confinement and ultrafast dephasing dynamics in inp nanocrystals. Physical Review B, 55:7059–
7067, mar 1997.

11 Peter C. Sercel and Alexander L. Efros. Band-edge exciton in CdSe and other II–VI and III–v com-
pound semiconductor nanocrystals - revisited. Nano Letters, 18(7):4061–4068, jun 2018.

12 Al. L. Efros, M. Rosen, M. Kuno, M. Nirmal, D. J. Norris, and M. Bawendi. Band-edge exciton in
quantum dots of semiconductors with a degenerate valence band: Dark and bright exciton states.
Physical Review B, 54:4843–4856, 1996.

13 A. I. Ekimov, A. A. Onushchenko, A. G. Plyukhin, and Efros Al. L. Size quantization of excitons and
determination of the parameters of their energy spectrum in cucl. Zh. Eksp. Teor. Fiz., 88:1490–1501,
Apr 1985.

14 Al. L. Efros and M. Rosen. The electronic structure of semiconductor nanocrystals. Annual Review
of Materials Science, 30(1):475–521, aug 2000.



74 Bibliography

15 Al. L. Efros and A. V. Rodina. Band-edge absorption and luminescence of nonspherical nanometer-
size crystals. Physical Review B, 47(15):10005–10007, apr 1993.

16 Yoon-Suk Kim, Kerstin Hummer, and Georg Kresse. Accurate band structures and effective masses
for inp, inas, and insb using hybrid functionals. Physical Review B, 80:035203, jul 2009.

17 M. Nirmal, D. J. Norris, M. Kuno, M. G. Bawendi, Al. L. Efros, and M. Rosen. Observation of the
”dark exciton” in cdse quantum dots. Physical Review Letters, 75:3728–3731, Nov 1995.

18 D. J. Norris, Al. L. Efros, M. Rosen, and M. G. Bawendi. Size dependence of exciton fine structure in
cdse quantum dots. Physical Review B, 53:16347–16354, Jun 1996.

19 Olivier Labeau, Philippe Tamarat, and Brahim Lounis. Temperature dependence of the luminescence
lifetime of single CdSe/ZnS quantum dots. Physical Review Letters, 90:257404, Jun 2003.

20 L. Biadala, Y. Louyer, Ph. Tamarat, and B. Lounis. Direct observation of the two lowest exciton
zero-phonon lines in single CdSe/ZnS nanocrystals. Physical Review Letters, 103:037404, Jul 2009.

21 M. Furis, H. Htoon, M. A. Petruska, V. I. Klimov, T. Barrick, and S. A. Crooker. Bright-exciton fine
structure and anisotropic exchange inCdSe nanocrystal quantum dots. Physical Review B, 73:241313,
Jun 2006.

22 H. Htoon, M. Furis, S. A. Crooker, S. Jeong, and V. I. Klimov. Linearly polarized ‘fine structure’ of
the bright exciton state in individual cdse nanocrystal quantum dots. Physical Review B, 77:035328,
Jan 2008.

23 A. Granados del Águila, G. Pettinari, E. Groeneveld, C. de Mello Donegá, D. Vanmaekelbergh, J. C.
Maan, and P. C. M. Christianen. Optical spectroscopy of dark and bright excitons in CdSe nanocrys-
tals in high magnetic fields. The Journal of Physical Chemistry C, 121(42):23693–23704, oct 2017.

24 Louis Biadala, Benjamin Siebers, Yasin Beyazit, Mickaël. D. Tessier, Dorian Dupont, Zeger Hens,
Dmitri R. Yakovlev, and Manfred Bayer. Band-edge exciton fine structure and recombination dy-
namics in inp/zns colloidal nanocrystals. ACS Nano, 10(3):3356–3364, 2016. PMID: 26889780.

25 Annalisa Brodu, Mariana V. Ballottin, Jonathan Buhot, Elleke J. van Harten, Dorian Dupont, Andrea
La Porta, P. Tim Prins, Mickael D. Tessier, Marijn A. M. Versteegh, Val Zwiller, Sara Bals, Zeger Hens,
Freddy T. Rabouw, Peter C. M. Christianen, Celso de Mello Donega, and Daniel Vanmaekelbergh.
Exciton fine structure and lattice dynamics in inp/znse core/shell quantum dots. ACS Photonics,
5(8):3353–3362, 2018.

26 Eric M. Janke, Nicholas E. Williams, Chunxing She, Danylo Zherebetskyy, Margaret H. Hudson,
Lili Wang, David J. Gosztola, Richard D. Schaller, Byeongdu Lee, Chengjun Sun, Gregory S. Engel,
and Dmitri V. Talapin. Origin of broad emission spectra in inp quantum dots: Contributions from
structural and electronic disorder. Journal of the American Chemical Society, 140(46):15791–15803,
2018.

27 Jian Cui, Andrew P. Beyler, Lisa F. Marshall, Ou Chen, Daniel K. Harris, Darcy D. Wanger, Xavier
Brokmann, and Moungi G. Bawendi. Direct probe of spectral inhomogeneity reveals synthetic tun-
ability of single-nanocrystal spectral linewidths. Nature Chemistry, 5(7):602–606, jun 2013.

28 Vigneshwaran Chandrasekaran, Mickaël D. Tessier, Dorian Dupont, Pieter Geiregat, Zeger Hens,
and Edouard Brainis. Nearly blinking-free, high-purity single-photon emission by colloidal inp/znse
quantum dots. Nano Letters, 17(10):6104–6109, 2017. PMID: 28895398.



C
ha

pt
er

3

Bibliography 75

29 Mina Talati and Prafulla K. Jha. Acoustic phonons in semiconductor nanocrystals. Computational
Materials Science, 37(1-2):58–63, aug 2006.

30 Mark J. Fernée, Bradley N. Littleton, and Halina Rubinsztein-Dunlop. Detection of bright trion states
using the fine structure emission of single cdse/zns colloidal quantum dots. ACS Nano, 3(11):3762–
3768, 2009.

31 L. Besombes, K. Kheng, L. Marsal, and H. Mariette. Acoustic phonon broadening mechanism in
single quantum dot emission. Physical Review B, 63:155307, mar 2001.

32 Roland Zimmermann and EgorMuljarov. Dephasing of optical transitions in quantum dots —Where
exact solutions meet sophisticated experiments. In Nanostructures: Physics and Technology, page 3,
2004.

33 Yahel Barak, Itay Meir, Arthur Shapiro, Youngjin Jang, and Efrat Lifshitz. Fundamental properties
in colloidal quantum dots. Advanced Materials, 30(41):1801442, 2018.

34 Elena V. Shornikova, Louis Biadala, Dmitri R. Yakovlev, Donghai Feng, Victor F. Sapega, Nathan
Flipo, Aleksandr A. Golovatenko, Marina A. Semina, Anna V. Rodina, Anatolie A. Mitioglu, Mari-
ana V. Ballottin, Peter C. M. Christianen, Yuri G. Kusrayev, Michel Nasilowski, Benoit Dubertret,
and Manfred Bayer. Electron and hole g-factors and spin dynamics of negatively charged excitons
in cdse/cds colloidal nanoplatelets with thick shells. Nano Letters, 18(1):373–380, 2018.

35 M. Syperek, D. R. Yakovlev, I. A. Yugova, J. Misiewicz, M. Jetter, M. Schulz, P. Michler, and M. Bayer.
Electron and hole spins in inp/(ga,in)p self-assembled quantum dots. Physical Review B, 86:125320,
sep 2012.

36 W. Hackenberg, R. T. Phillips, and H. P. Hughes. Investigation of the luttinger parameters for inp
using hot-electron luminescence. Physical Review B, 50:10598–10607, Oct 1994.

37 J. A. Gupta, D. D. Awschalom, Al. L. Efros, and A. V. Rodina. Spin dynamics in semiconductor
nanocrystals. Physical Review B, 66:125307, sep 2002.

38 A. Shabaev, A. V. Rodina, and Al. L. Efros. Fine structure of the band-edge excitons and trions in
cdse/cds core/shell nanocrystals. Physical Review B, 86:205311, nov 2012.

39 IwanMoreels, Gabriele Rainò, Raquel Gomes, Zeger Hens,Thilo Stöferle, and Rainer F. Mahrt. Band-
edge exciton fine structure of small, nearly spherical colloidal CdSe/ZnS quantum dots. ACS Nano,
5(10):8033–8039, sep 2011.

40 Jenya Tilchin, Freddy T. Rabouw, Maya Isarov, Roman Vaxenburg, Relinde J. A. Van Dijk-Moes, Efrat
Lifshitz, and Daniel Vanmaekelbergh. Quantum confinement regimes in CdTe nanocrystals probed
by single dot spectroscopy: From strong confinement to the bulk limit. ACS Nano, 9(8):7840–7845,
jul 2015.





C
ha

pt
er

4

Chapter4.
Dephasing dominated by phonon-scattering
within bright exciton triplet

Contents

4.1. Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78
4.2. Decoherence mechanism . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79

4.2.1. Primary source of exciton dephasing in quantum dots . . . . . . . . . . . 79
4.2.2. Experimental methods to determine dephasing time . . . . . . . . . . . . 80

4.3. Exciton dephasing & population density . . . . . . . . . . . . . . . . . . . . 82
4.3.1. Photon echo experiment . . . . . . . . . . . . . . . . . . . . . . . . . . 82
4.3.2. Transient grating experiment . . . . . . . . . . . . . . . . . . . . . . . 83

4.4. Origin of exciton dephasing in InP/ZnSe quantum dots . . . . . . . . . . . 85
4.4.1. Influence of exciton fine structure . . . . . . . . . . . . . . . . . . . . . 85
4.4.2. Narrow single quantum dot spectra . . . . . . . . . . . . . . . . . . . . 87

4.5. Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88

Synopsis

In this chapter, a transient resonant four wave mixing spectroscopy (FWM) on ensemble of
QDs is performed to study both the photon echo (temperature range: 5 K - 31 K) and popula-
tion density dynamics (temperature range: 5 K - 107 K). Contrary to a rapid spin-flip mediated
dephasing from bright-to-dark exciton in CdSe QDs, it is found that the ZPL dephasing is dom-
inated by phonon-scattering within closely spaced bright exciton triplet with a 0 K dephasing
rate of 0.0346 ± 0.0004 ps-1 and an activation energy of 0.95 ± 0.01 meV. Further, there is a
correspondence between the narrowest ZPL of single QDs (50 ± 1 µeV) and the homogeneous
linewidth obtained using FWM (56.8 ± 2.1 µeV) at 5 K.
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TEM images of InP/ZnSe QDs by Dr. Ali Khan, Ghent University, Belgium
FWM optical setup & measurements by Dr. Francesco Masia & Dr. Lorenzo Scarpelli, Cardiff University, United Kingdom



78 Chapter 4. Dephasing dominated by phonon-scattering within bright exciton triplet

4.1. Introduction

Non-classical light sources, such as single photon sources, are essential for realizing quantum techno-
logies like quantum communication, quantum computation, quantum simulation and quantum sens-
ing.1 An ideal single photon source interacts only with the electromagnetic environment producing
single photons with higher purity, higher on-demand emission rate and identical photon wave pack-
ets.2 Indistinguishable single photons can be expected if both the spatial and temporal overlaps of their
wavepackets are identical in terms of emission frequency, pulse-width, spectral bandwidth, polariza-
tion, transverse mode profile and arrival time at the beam splitter.3 The emission spectral linewidth of
such an ideal single photon source would have a Fourier-transform-limited spectral bandwidth. How-
ever, the spectrum of the single photon source is broadened arising from fluctuations of the optical
resonance frequency, described in terms of dephasing (loss of coherence of the emitter to the environ-
ment) and spectral diffusion (fluctuations in the emission energy, see Chapter 5). Note: A two-photon
interference effect is commonly used to determine the indistinguishability since two identical single
photons entering a 50:50 beam-splitter would leave from the same end because of the ‘coalescing’
behavior of photons. The degree of indistinguishability is measured using a Hong-Ou-Mandel setup
where a delay is applied to the arrival times of the two single photons and the coincidence counts are
monitored on the two output detectors.4 In ideal case, the coincidence counts would fall to zero at
exactly the zeroth delay which is commonly known as Hong-Ou-Mandel (HOM) dip.

Scalability and on-demand emission make the solid state quantum emitters as favorable two-level
system,5 where the single photon is emitted upon relaxation of the excited electron-hole pair to the
ground state. This electron-hole pair known as exciton is a quasi-particle state bounded by the Cou-
lomb interaction energy. Overall, the exciton coherence (conversely, the dephasing) in these materials
is influenced by coupling of the optical transition to the environment predominantly due to radiative
processes, carrier-phonon scattering and carrier-carrier scattering processes.6 In strongly quantum
confined systems like colloidal quantum dots (QDs), exchange interaction & shape anisotropy tweaks
the ideal two-level system to exciton-manifolds near the band edge.7 The presence of such fine struc-
ture split states explains the physical origin of intrinsic zero phonon line (ZPL) dephasing in widely
studied CdSe QDs. This is attributed to the rapid spin-flip from the lowermost optically-allowed bright
exciton to optically-forbidden dark exciton.8, 9

As InP QDs are considered an alternative to heavy metal ion based QDs for opto-electronic applica-
tions, an understanding of their fundamental optical properties is required. As discussed in Chapter 2,
InP/ZnSe core/shell QDs exhibited high pure single photon emission at room temperature with the
emission stability comparable to state-of-the-art CdSe/CdS QDs.10 As discussed in Chapter 3, ex-
change interaction and negligible contribution of shape-anisotropy in InP/ZnSe QDs split the band-
edge exciton level to have a threefold nearly-degenerate bright and fivefold degenerate dark exciton.11
On one study, a study of temperature dependent photoluminescence decay rates reported a slower
bright-to-dark spin flip rate in the order of 0.001 ps-1 for 3 nm core-diameter sized InP/ZnS QDs.12
On another study, the presence of such band-edge exciton was questioned by attributing a domin-
ation of trap-assisted recombination in InP-based QDs.13 These contradicting reports could benefit
from a fundamental knowledge on the mechanism responsible for the exciton dephasing in InP-based
QDs. The physical origin of exciton ZPL dephasing in these QDs, currently unknown, also needs to
be understood to know the limiting factor for their homogeneous linewidth.
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4.2. Decoherence mechanism

4.2.1. Primary source of exciton dephasing in quantum dots

The coherence of the single photon emitted describes the phase stability of the light and the photon
linewidth can be expressed as:14

γ = 1
T2

= 1
2T1

+ 1
T ∗
2

(4.1)

where T2 is the coherence (conversely, the dephasing) time, T1 is the radiative lifetime, and T ∗
2 is

the pure dephasing time where the coherence is lost without any recombination. An ideal photon
wavepacket having no pure dephasing would be naturally broadened by the radiative lifetime such
that the Fourier transform limited linewidth is achieved under the condition: T2 = 2 T1. If the pure
dephasing is happening much faster than the radiative lifetime, the coherence of the optical transition
is already lost to the environment and the photon linewidth is expressed as shown in equation 4.1.

The dephasing of the optical transition in any type of QDs can happen due to both intrinsic and
extrinsic factors.15 The intrinsic dephasing can be of both non-Markovian (broad acoustic phonon
pedastal surrounding the ZPL)16 and Markovian (acoustic phonon assisted virtual transitions in-
volving a higher energy level).17 The extrinsic dephasing factors include: spectral diffusion or
charge noise (fluctuating electric field) and spin noise (fluctuating magnetic field).18

In QDs, spontaneous & stimulated phonon emission and stimulated phonon absorption processes
broaden the exciton linewidth. The stimulated processes require a phonon occupation and therefore
are absent at zero temperature but increase with temperature. Two types of processes can be distin-
guished. On the one hand, transitions between excitonic states, such as phonon-assisted scattering
within the fine structure manifold. These processes are broadening the ZPL. Here transitions to a
lower energy state occur also via spontaneous phonon emission and thus remain at zero temperature.
For instance, the spontaneous spin-flip from the bright to the lower lying dark exciton state in col-
loidal CdSe QDs dominates the zero-temperature exciton ZPL dephasing.8 On the other hand there
are phonon assisted radiative transitions, resulting in sidebands to the ZPL, which reflect the phonon
density of states and their coupling strength to the exciton. Typically there is an acoustic phonon band
close to the ZPL having a width of a fewmeV, given by the transit time of acoustic phonon propagation
through the QD, and separate optical phonon bands at a few tens of meV separation to the ZPL, given
by the specific optical phonon energies in the QD.

In quasi-spherical colloidal CdSe QDs, the exciton ZPL dephasing (in the order of ps) is faster than
the radiative lifetime (in the order of ns) and thus the homogeneous linewidth is far from the natural
lifetime broadened linewidth.8 Since the presence of exciton-manifolds near the band edge due to the
exchange interaction & shape anisotropy in QDs (fine structure) influence the exciton ZPL dephasing,
further attempts were made to reduce the splitting energies. Accordingly, the exciton dephasing time
was altered by simply tuning the size & shape of CdSe QDs.9 For example, a larger core size and a
thicker shell CdSe/CdS QD have a longer dephasing time than a smaller core QD. This is attributed to
the reduced exchange interaction as the smaller band-offsets allow a delocalization of electron wave-
function onto the shell. To date, the dephasing time in NCs limited only by radiative lifetime (1 ps) was
observed in 2D nanoplatelets that have larger in-plane coherence area compared to spherical NCs.19
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It is noted that perovskite NCs have a dephasing time close to the radiative lifetime limit.20 In self
assembled QDs, the dephasing time is closer to the radiative lifetime limit.16 ZPL weight reported in
self assembled QDs amount to 90% which was improved by reducing the phonon induced decoherence
in cavity structures and resonant excitation.15

4.2.2. Experimental methods to determine dephasing time

The dephasing time T2 of an optical transition can be measured experimentally in different ways. The
homogeneous width of the spectral absorption is inversely proportional to the dephasing time, thus
experiments can be performed either in the time domain to directly address the transient decay of
the polarization induced by a pulsed coherent light field or in the spectral domain by measuring the
steady-state optical absorption lineshape. Generally, the response of the medium to the incident field
depends on the field intensity. For example, only in the linear response limit (i.e. in the first order of
the incident field amplitude) the absorption lineshape is Lorentzian energy full width at half maximum
(FWHM) given by γ = 2h̄/T2. At higher orders, effects such as power broadening, quadratic Stark
shift, and the optical Stark splitting which is the signature of Rabi oscillations in the spectral domain
become too evident.6

Linear spectroscopy has the limitation of measuring the homogeneous lineshape in an ensemble of
QDs which are inhomogeneously broadened by size dispersion. In the time domain, this translates
into an additional decay rate of the macroscopic first-order polarization.21 The dephasing rate in QDs
which is much below the inhomogeneous linewidth cannot be measured accurately in linear spec-
troscopy. To circumvent the inhomogeneous broadening, one can spatially isolate a single QD and
perform a resonant linear spectroscopy. However, this is limited by the poor signal-to-noise ratio,
directional selectivity from an emitter and the single QDs have extrinsic dephasing (spectral diffu-
sion) in the time scales faster than the experimental acquisition time. Moreover, the optical properties
vary from one QD to another depending on their size. For instance, the varying factors are oscillator
strength, fine structure splitting and phonon energy. Experiments based on third-order signals, such
as fourwavemixing in the transient coherent domain after pulsed excitation22 or spectral hole-burning
in the frequency domain with continuous wave excitation23 allow one to overcome the presence of
an inhomogeneous distribution and can be detected free of backgrounds with appropriate selection in

Figure 4.1. | Four wave mixing experiment. Sketch of the three-beam FWM directional geometry and
scheme of FWM experiments.
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the direction and/or frequency domain. In particular, using transient four wave mixing (FWM) spec-
troscopy in heterodyne detection, the diffracted third order non-linearity have been used to determine
the dephasing mechanism with a timing resolution given by the fs-pulses and their respective delay
between them.24

Transient four wave mixing spectroscopy

To measure the exciton-decoherence dynamics, a three-beam transient resonant four-wave mixing
technique in heterodyne detection is used to determine the dephasing time of InP/ZnSe QDs. The
experimental setup for FWM spectroscopy shown in Appendix C.4 is same as described in previous
works.8, 9, 19 Each beam entering the sample in a three-beam degenerate transient FWM spectroscopy
is a train of 150 fs pulses with 76MHz repetition rate. The first pulse P1 induces a coherent polarization
in the sample, which is then converted to a density grating by the second pulse P2 after a time delay
τ12. The third pulse P3 arriving after a delay of τ23 from P2 is diffracted by the already formed density
grating. Thus the three input pulses with different wavevectors (k1, k2, k3) arriving at certain time
delay between them (τij) produces the total diffracted field (FWM signal) along the phase-matched
direction (kT = k3 + k2 − k1). In heterodyne technique, the excitation pulses are radio-frequency
upshifted by acousto–optic modulators and the resulting frequency shifted FWM signal is detected by
its interference with a reference pulse using lock-in amplifier.

For in-homogeneously broadened systems like QDs, two experiments can be performed using the
three pulse photon echo method.24 One, the exciton dephasing time can be extracted in a photon
echo (PE) experiment by plotting the time-integrated FWM signal (Ti-FWM) versus τ12 which decays
exponentially at longer delay times with a time constant proportional to exciton dephasing time of
the ZPL. Here, τ23 is usually fixed to a specific value to suppress addditional nonlinearities. Two, the
exciton population density dynamics can be extracted in transient grating (TG) experiment by plotting
the Ti-FWM signal versus τ23 by keeping τ12 = 0 which often decays in a multiple-exponential manner
depending on the carrier dynamics of the samples. Note that the FWM signal in such a broad system is
a photon echo indicating a rephasing of the transitions from different frequency components and thus

Figure 4.2. | Sample details. (a) TEM and HR–TEM images of InP/ZnSe QDs under study. Mean diameter
is 7.6 ± 1.1 nm for a core size of 3.2 nm. (b) Room temperature emission spectrum and PL decay fitted with a
single exponential rate of 0.0325 ± 0.0005 ns-1.
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unaffected by in-homogeneity. The dephasing is faster than the typical timescale of spectral diffusion
and thus remains unaffected by such slow diffusion.

4.3. Exciton dephasing & population density

4.3.1. Photon echo experiment

InP/ZnSe QDs for this study was prepared according to the method described in section 1.5.2. Figure
4.2a shows the TEM and HR-TEM images of the QD that has a mean diameter of 7.6 ± 1.1 nm for
a core size of 3.2 nm. Figure 4.2b shows the room temperature photoluminescence (PL) spectrum
that has an emission peak at 619 nm (2.002 eV) with a linewidth of about 50 nm (160 meV). PL decay
at room temperature is also shown in Figure 4.2b which is fitted with a single exponential rate of
0.0325 ± 0.0005 ns-1. The sample for FWM study is prepared by dropcasting the QDs suspended in
toluenemixedwith plasticizer (a transparent nail varnish ofmake Seche Vite) and sandwiched between
two c-cut quartz windows. A temperature dependent absorption spectroscopy on the sample from
room temperature to 8 K is done to find the fundamental exciton peak at cryogenic temperatures (see
Figure 4.3a), where a blueshift of about 20 nm (74 meV) is observed probably due to the combination
of both thermal contraction and phonon coupling. For temperatures below 50 K, the lowest exciton
state is at around 570 ± 1 nm. Hence, two excitation wavelengths are chosen for FWM study, one
resonantly at 570 nm and the other in the absorption tail at 580 nm to reduce the excitation into
excited state levels. Excitation pulses are also shown in Figure 4.3a that have a ∆λ = 6 nm (∼22
meV). A power-dependent FWM measurement was done which showed little effect of the excitation
power on the results. Therefore, an excitation power of 400 µW was used which was well within the
third-order nonlinear regime and resulting in negligible local heating.

In PE experiment, the photon echo amplitude decays with an initial sub-picosecond term followed
by a slower term at longer delay times. The ultrafast initial term gets even faster with increasing
temperature which is attributed to the contribution from acoustic phonon sidebands and excited states.

Figure 4.3. | Photon echo experiment. (a) Temperature dependent absorption spectra. At 8 K, the lowest
exciton state is at 570 nm and thus the chosen excitation wavelength for FWM study are 570 nm and 580 nm
(shown in inset) (b) Ti-FWM amplitude versus τ12 for λexc = 580 nm at different temperatures has an initial sub-
ps term followed by a longer mono-exponential term which is a representation of acoustic phonon sidebands &
Lorentzian exciton ZPL respectively. The dotted lines are exponential fits at longer delay times.(c) Corresponding
ZPL linewidth 2h̄/T2 and estimated cumulative phonon linewidth Γph by fitting an exponential to the initial sub-
ps component. (d) ZPL weight.
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Figure 4.4. | Photon echo experiment. (a) Ti-FWM amplitude versus τ12 for λexc = 570 nm at different
temperatures has an initial sub-ps term followed by a longer term which is a representation of acoustic phonon
sidebands & exciton ZPL respectively. The dotted lines are exponential fits at longer delay times.(b) Dephasing
rate for λexc = 570 nm and λexc = 580 nm.

The slower term has amono-exponential character and thus represent the exciton ZPL.This also agrees
with a model of Lorentzian ZPL coupling to acoustic PSB in different types of QDs.8, 16, 25 Figure 4.3a
shows the Ti-FWM amplitude versus τ12 at cryogenic temperatures with λexc of 580 nm (see Figure
4.4a for results with λexc of 570 nm). The dotted lines are exponential fits at longer delay times and
the obtained time constant is T2/2 for an in-homogeneously broadened system.24 It is noted that an
ultrafast dephasing on InP QDs was investigated two decades ago where the attributed dephasing of
the band-edge exciton actually belongs to the pure dephasing via acoustic phonons due to the limited
dynamic range studied.26 Here, we observe this ultrafast component (cumulative of excited states and
acoustic phonon sidebands) and the mono-exponential component at longer delay times which is the
representation of the exciton ZPL.

The dephasing rate (T -1
2 ) expectedly increases with temperature (see Figure 4.4b), especially at 31

K where the FWM amplitude is closer to the noise level indicating the lesser contribution of ZPL
compared to the acoustic phonon sidebands. Figure 4.3b shows the corresponding ZPL homogeneous
linewidth (2h̄/T2) and estimated cumulative phonon linewidth Γph by fitting an exponential to the
initial sub-ps component. Note that the PSB are non-exponential in nature and thus the values are
an approximation. ZPL weight calculated using the procedure described by Borri et al.27 at different
temperatures are shown in Figure 4.3d for both the excitation wavelengths. It is found that the ZPL
weight at λexc = 570 nm is lower than at λexc = 580 nm which is attributed to the more contribution of
excited state levels at 570 nm. In earlier theoretical studies on the electronic structure of InP QDs, a
multi band effective mass approximation method predicted the excited state levels are closely spaced
near the band edge.26, 28

4.3.2. Transient grating experiment

Next the result of TG experiment is shown in Figure 4.5a for λexc = 580 nm at 5K where Ti-FWM
amplitude is plotted against τ23. The solid lines represent a fit to complex three-exponential response
function (also described by Scarpelli et al.29):

R(τ) = Anr e
iϕnr δ(τ) +

∑
n

An θ(τ) exp
(
iϕn − τ

τn

)
(4.2)
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where An, ϕn and τn are amplitude, phase and decay time of the nth decay process and Anr is a
non-resonant instantaneous component such as Kerr effect or two-photon absorption.

The response function shown in equation 4.2 is convoluted with a periodic Gaussian to reflect the
excitation pulses of FWHM 2

√
ln(2)τ0 in amplitude, and repetition period Tr , resulting in the fit

function:

F (t, τ) = exp(i(ϕ0 + ϕ
′
0t))

[
Anr exp

(
iϕnr − τ2

τ2
0

)
+

∑
n

An

(
1

e
Tr
τn − 1

+ 1
2

[
1 + erf

( τ
τ0

− τ0
2τn

)])
× exp

(
iϕn + τ2

0
4τ2

n

− τ

τn

)] (4.3)

This complex fit takes into account different phases of the components, given by the relative effect on
absorption and refractive index. The fit equation also considers the possibility of slow drift of phase,
included as exp(i(ϕ0 + ϕ

′
0t)), caused by temperature drift of the setup changing the relative phase of

reference and probe pulses over the time of the measurement of a fewminutes. Since the radiative life-
time of QD (usually in the order of several ns) is longer than themaximum pulse delay τ23 (up to 1.6 ns),
there is a possibility for the presence of leftover signal, i.e. proportional to the population, before the
arrival of the next excitation pulse. This pile-up signal is also included in the equation as 1/(e

Tr
τn − 1)

after taking the sum of the geometric progression of events of all pulse sequences. The signal amp-
litude is fitted to

√
(Re[F ])2 + (Im[F ])2 and the phase to ψ0 + (180/π) atan2(Im[F ],Re[F ]) where

ψ0 is an arbitrary phase offset.

The obtained time constants from the fit at different temperatures from 5 K to 107 K are shown in
Figure 4.5b. The first time constant Γ1 is an ultrafast decay which we attribute to the relaxation rate
of the excited states. The second time constant Γ2 has a temperature independent response which we
attribute to the Auger rate of the charged state. The third time constant Γ3 is attributed to the recom-
bination rate of the exciton. Relative amplitudes of these three time constants are shown in Figure 4.5c.
At 5K, relative weights of 67.4 ± 6.3 % for A1 and 10.3 ± 1.3 % for A3 suggest a significant contribution
of the excited states to the FWM amplitude. An increase in A3 with temperature is understandable

Figure 4.5. | Transient grating experiment. (a) Ti-FWM amplitude versus τ23 at 5 K for λexc = 580 nm with
the solid lines representing the fit to a complex three-exponential response function shown in the equation 4.3.2.
(b) The obtained time constants from the fit at different temperatures. Γ1 - relaxation rate of excited states, Γ2 –
Auger rate of the charged state, Γ3 - recombination rate of the exciton.
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since the thermal expansion would induce a redshift in absorption peak bringing closer to a resonance
at λexc = 580 nm. Note that the fluctuating A2 also determines the relative proportions.

4.4. Origin of exciton dephasing in InP/ZnSe quantum dots

4.4.1. Influence of exciton fine structure

In order to understand the temperature dependent changes in the exciton ZPL dephasing and popula-
tion density in our QD, the γZPL from PE experiment and Γ3 from TG experiment are fitted according
to the model sketched in Figure 4.6a for λexc = 580 nm. First, we explain the electronic structure of
our QD for choosing the fit model. As explained in section 3.3.4, there is a negligible contribution
of shape anisotropy in the band-edge exciton fine structure of InP/ZnSe QDs and thus it only has
exchange-interaction induced splitting between a threefold nearly-degenerate bright exciton and a
fivefold degenerate dark exciton.11 Accordingly, Γ3 is fitted to the equation:

Γ3 =
[
3γB + 5γD exp(∆BD/KBT )

]
/
[
3 + 5 exp(∆BD/KBT )

]
(4.4)

where γB & γD are the radiatively limited dephasing of the bright & dark exciton state and ∆BD is
the energetic splitting between them. KB is the Boltzmann constant. The obtained fit parameters for
Γ3 from TG experiment are: γB = 0.0802 ± 0.005 ns-1, γD = 0.0118 ± 0.0004 ns-1 and ∆BD = 5.92 ± 0.71
meV. Note that the population density dynamics from TG experiment has the contribution of dark
state since a smaller fraction of photons could still relax to the lower-lying dark state. The observation
of increase in exciton recombination rate Γ3 with temperature further agrees with the presence of dark
exciton below the bright exciton and the obtained energetic splitting value of ∆ is comparable to the
expected bright-dark splitting energy of around 6 meV for similar sized InP/ZnSe QDs.11 It should be
noted that generally dark exciton recombination in QDs is activated by admixing with bright exciton
through various physical mechanisms such as acoustic phonon, optical phonon & dangling bond30
and hyperfine interaction between electron and nuclear spin.31 The energy difference between the
optically active and passive states determined using the temperature dependence of longer component
in PL-decay in QDs has been attributed to confined acoustic phonons.32 A similar observation was
found in the long component of PL decay rate of InP/ZnSe QDs as well.33

Next, γZPL is fitted to the equation:

γZPL = γ0
(
1 + 2 NB

)
(4.5)

where γ0 is the relaxation within the closely spaced bright exciton triplets via spontaneous phonon
emission from one of the upper state. The latter part of the equation is the stimulated phonon emission
process which is a thermally activated process with NB = 1/[exp(∆/kBT) − 1] representing the
phonon occupation number. Here, the factor 2 is chosen considering the average between the two
cases (final state below the initial state & vice versa) with ∆ representing the activation energy of the
bright exciton split states. The obtained fit parameters for γZPL from PE experiment are: γ0 = 0.034 ±
0.0004 ps-1and ∆ = 0.95 ± 0.01 meV.

Certainly, there are additional dephasing pathways: a spin-flip mediated relaxation into the dark state
via spontaneous phonon emission (γBD) and natural radiative lifetime (γB ). Since these are much
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Figure 4.6. | Exciton dephasing & population dynamics. (a) Sketch of the model. (b) The solid lines
represent the fits to Γ3 and γZPL values according to the equation 4.4 & 4.5 respectively.

lower than γ0 , they are not included in the fit of γZPL . For instance, the measured exciton dephasing
time from PE experiment at 5 K (∼23 ps) is faster than γB (∼12.5 ns) from TG experiment. So, the
exciton dephasing is far from the natural radiative limit in InP QDs similar to CdSe QDs. Contrary
to a rapid spin-flip mediated dephasing from bright-to-dark exciton in CdSe QDs,8 it is found here
that the ZPL dephasing in InP QDs is dominated by phonon-scattering within closely spaced bright
exciton states. Note that the inclusion of bright-to-dark state spin-flip parameter in the equation 4.5
did not influence the result as the dominant dephasing factor is the phonon-scattering within the
bright exciton triplet indicating a slower bright-to-dark spin-flip in this QD. The zero-Kelvin exciton
dephasing rate of 0.0346 ± 0.0004 ps-1 from the fit suggests that the spontaneous phonon-scattering
process broadens the natural linewidth of the exciton ZPL. The obtained activation energy of 0.95 ±
0.01 meV is comparable to the bright exciton doublet splitting observed in the single QD spectrum
shown in Figure 3.2. The ordering of Fz for bright exciton triplet shown in Figure 4.6a is based on the
FLN measurement on a similar InP/ZnSe QD (see Figure 3.7). As already explained in section 3.3, the
fivefold dark exciton remains degenerate for a minor anisotropy in this QD.

The temperature dependent dephasing rate γZPL shown in Figure 4.6b is more steeper than observed in
CdSeQDs,8 which agreeswith a similar finding in an ultrafast dephasing study of InPQDswhere it was
attributed to deformation potential coupling to acoustic phononmodes.26 In the PE experiment studied
here, τ23 was chosen as 1 ps to suppress additional non-linearities, taking into account the optical
phonon energies of both InP (39∼47 meV) and ZnSe (24∼32 meV).33 The contribution of oscillating
LO and TO phonons are suppressed by this way, which can also be validated by the virtual absence of
quantum beats in the TG experiment (see Figure 4.5a). Thus the phonon being discussed in this article
are the low frequency vibrational modes which explains our such attribution to the initial femtosecond
component in PE experiment. This kind of initial ultrafast decoherence, has been attributed to pure
dephasing induced by acoustic phonons.34 Note that the more covalent nature of InP compared to
CdSe leads to a decreased polar optical phonon coupling in InP QDs.26

In the PE shown in Fig 4.3b, there is a small bump (at around τ12 =3.5 ps) between the ultrafast initial
component and the monoexponential ZPL component at longer delay times. Since the PSB shown in
the single QD (see Figure 3.2) is located at 1.1 meV from the ZPL, this small bump at similar range is
attributed to a coherent phonon oscillation from the confined acoustic phonon modes on the ensemble
of QDs. This value also agrees with vibrational modes of similar sized spherical InP QDs.35 Acous-
tic phonon energies can be approximately determined using Lamb theory by assuming the QD as an
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isotropic elastic sphere under stress free boundary condition.36 This class of vibrational modes can be
either spheroidal or torsional but the former is predicted to be dominant in QDs mediated through de-
formation potential coupling increasing linearly with temperature.37, 38 The spheroidal phonon mode
itself can be of longitudinal (LA) and transverse (TA) in nature. Spherical symmetry allows the fre-
quency of these phonon modes to be determined based on the angular momentum quantum number
for every l ≥ 0, but the dominant contributions arise from l=0 and l=2 modes, which is also supported
by such visibility in Raman transitions.39 Further, the addition of shell around the spherical QD may
modify the frequency of acoustic phonon by introducing a damping factor, and thus a continuum of
phonon bands can also be expected.40 It was reported that l=0 mode has the characteristic of LA while
the l=2 mode has the mix of both with more TA nature.41 In any case, l=2 mode is energetically lower
than the higher frequency l=0 mode and contributes to the enhanced phonon coupling at elevated
temperatures obtained from the PL decay rates in QDs.32 So, it can be inferred that there are both
discrete and continuum of acoustic phonon modes in QDs which reduce the overall contribution to
the ZPL weight.

4.4.2. Narrow single quantum dot spectra

To compare the homogeneous linewidth and ZPL weight obtained from the FWM study on ensemble
of QDs, emission from single QDs using micro-photoluminescence setup (see Appendix C.1) were
measured with a quasi-resonant 532 nm CW excitation. Three such single QD spectra are shown in
Figure 4.7. QD1 is a nearly-isotropic singlet having a linewidth of 50 µeV, without resolvable splitting
between two polarization components. The inset shows that the ZPL weight is 72.3% with respect to
PSB. QD2 is a doublet having a linewidth of 85 µeV, with a splitting of 0.42 meV between doublet. Both
polarization components have equal intensities suggesting a circularly polarized emission. The inset
shows that the ZPL weight is 75.8% with respect to PSB. QD3 is a nearly-isotropic singlet having a
linewidth of 460 µeV, without resolvable splitting (∼ 20 µeV) between two polarization components.
A broad phonon feature, named B, is visible next to the PSB. The inset shows that the ZPL weight is
64.5% with respect to PSB and 49.6% with respect to both PSB and B. Note that the linewidth value
of 50 ± 1 µeV at 5 K obtained with an acquisition time of 500 ms is among the narrowest reported
linewidth for colloidal QDs using linear spectroscopy. A resolution limited 80 µeV linewidth was
reported for CdSe/CdZnS QDs at 3.2 K.42 A linewidth of 10 µeV was reported over an integration time
of 100 ms using resonant photoluminescence excitation spectroscopy at 2 K.43 Spectral-hole burning
experiment on a 9 nm core diameter CdSe/ZnS QDs revealed a ZPL homogeneous linewidth of 6 µeV.44
An upper limit of 6.5 µeV linewidth was reported for CdSe/ZnS QDs using photon-correlation Fourier
spectroscopy.45

The observation of singlet ZPL line could be a trion emission as a charged state or it could be the
exciton emission without noticeable fine structure splitting as expected for isotropic bright excitons.
Nevertheless, the linewidth value of 50 ± 1 µeV for QD1-singlet and 85 ± 1 µeV for QD2-doublet
at 5 K gives an upper limit to the exciton dephasing time of this QD which agrees with the direct
measurement of the homogeneous linewidth of 56.8 ± 2.1 µeV using PE experiment at 5 K (see section
4.3.1). Further, the ZPL weight of 43.4% obtained using PE experiment at 5 K (see section 4.3.1) is
comparable to the ZPL weight of 49.6% obtained for QD3 with respect to the immediate PSB on either
side of ZPL in addition to the broad acoustic phonon feature observed in the lower energy (emission)
side of the ZPL. This broad acoustic phonon feature is not visible in QD1 and QD2 since they are
ultrafast component which are broader in the spectral domain with lower intensity, obtained using
linear spectroscopy. The signal-to-noise ratio is better in QD3 that allowed the broad phonon feature
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Figure 4.7. | Single QD spectra. (a) QD1 is a nearly-isotropic singlet having a linewidth of 50 µeV, without
resolvable splitting between two polarization components. Inset: ZPL weight is 72.3% with respect to PSB. (b)
QD2 is a doublet having a linewidth of 85 µeV, with a splitting of 0.42 meV between doublet. Both polarization
components have equal intensities suggesting a circularly polarized emission. Inset: ZPL weight is 75.8% with
respect to PSB. (c) QD3 is a nearly-isotropic singlet having a linewidth of 460 µeV, without resolvable splitting
(∼ 20 µeV) between two polarization components. A broad phonon feature, named B, is visible next to the PSB.
Inset: ZPL weight is 64.5% with respect to PSB and 49.6% with respect to both PSB and B. Integration time is
500 ms. λexc = 532 nm.

to appear in the spectral domain. Such presence of both the confined discrete and continuum of
acoustic phonons in QDs has been recently reported.46

4.5. Conclusion

In conclusion, a transient four wave mixing spectroscopy (FWM) on ensemble of InP/ZnSe QDs is
performed to study both the photon echo (temperature range: 5 K - 31 K) and population density
dynamics (temperature range: 5 K - 107 K). Contrary to a rapid spin-flip mediated dephasing from
bright-to-dark exciton in CdSe QDs, it is found the ZPL dephasing is dominated by phonon-scattering
within the closely spaced bright exciton triplet with a 0 K dephasing rate of 0.0346 ± 0.0004 ps-1 and
an activation energy of 0.95 ± 0.01 meV. This indicates a slower spin-flip from bright-to-dark exciton
state in this QD compared to CdSe QDs. The recombination rate of the exciton determined from
the population density is fitted to an isotropic exciton model and subsequently the values of γB =
0.0802 ± 0.005 ns-1, γD = 0.0118 ± 0.0004 ns-1 and ∆BD = 5.92 ± 0.71 meV are determined. Further, the
correspondence between the narrowest ZPL of single QDs (50 ± 1 µeV at 5 K) and the homogeneous
linewidth obtained using FWM (56.8 ± 2.1 µeV at 5 K) indicates the presence of band edge exciton
rather than a trap assisted recombination hitherto believed to be prevalent in InP core/shell QDs.
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Synopsis

Spectral diffusion (SD) due to quantum confined stark effect (QCSE) is well observed for exciton,
but it is rarely explored in multiple exciton species in colloidal QDs. Using single-QD PL, this
chapter correlates the level of SD in exciton, biexciton and trion emissions. It is observed
that the QCSE is minimized in trion-to-carrier and biexciton-to-exciton transitions compared
to neutral exciton. Using InP/ZnSe QDs as an optimized system to minimize SD, this chapter
provides theoretical understanding of the structural conditions that determine the magnitude
of QCSE in core-shell QDs. This allows to show that minimal SD can be expected for strongly
confined cores (large band-offset, moderately small core) and multi-excitonic species.

Manuscript in preparation
Synthesis of InP/ZnSe QDs by Dr. Dorian Dupont, Ghent University, Belgium
Spectral jitter correction algorithm by Dr. Francesco Masia, Cardiff University, United Kingdom
Theoretical model by Prof. Juan Ignacio Climente Plasencia, Universitat Jaume I, Spain
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5.1. Introduction

5.1.1. Quantum confined stark effect

Nanocrystals, or colloidal quantum dots, (QDs) can be seen as artificial atoms considering the discrete
electronic energies arising due to quantum confinement.1 While an ideal quantum emitter, interacting
only with the electromagnetic environment, is emitting indistinguishable photons having a lifetime-
limited spectral distribution intended for quantum photonic applications, the additional interaction
with vibrational degrees of freedom and the environment results in more complex spectral features in
QDs.2 At room temperature, the homogeneous lineshape is typically dominated by phonon-induced
broadening in the order of 10-100 meV, orders of magnitude larger than the lifetime limited broadening
in the µeV range.3 Reducing the temperature, the lattice vibrations are frozen out and the zero phonon
lines in the emission spectra can be observed.4 Furthermore, the spatial ground state of the exciton
shows a fine structure splitting between the different spin configurations of electron and hole, which
is sensitive to the size and shape of the QDs.5 To access this information, one first has to remove the
inhomogeneous broadening of an ensemble of QDs due to their structural inhomogeneity, which can
be done by spatial dilution and micro-spectroscopy observing the emission of single QDs.6–9 Even
when observing single QDs, slow time-evolutions compared to the emission lifetime (in the order of
nanoseconds) influence the emission spectra observed in typical experimental settings (in the order
of seconds). These slow time-evolutions, which are mostly due to charge trapping in the QDs and
their surroundings, lead to an effective inhomogeneous broadening known under the terms spectral
diffusion10 (SD) and blinking.11 Reciprocally, the SD via the quantum confined Stark effect (QCSE)
contains information about the polarizability of the band-edge excitonic species. As such, the Coulomb
interactions and the spatial separation of electron-holewavefunctions can be experimentally estimated
by observing the magnitude of shift in transition energies.

Charge fluctuations in the vicinity of quantum dots

Since the early report of SD in single colloidal particles,10 much research has gone into identifying its
origin, and an accepted model are local field fluctuations due to fluctuating number and position of
charges in the vicinity of the nanocrystal causing a QCSE.12–17 Nanocrystals have a large surface to
volume ratio and and they play a significant part in their optical properties from a simple observation
of enhanced fluorescence in a surface-trap passivated core/shell heterostructure compared to a simple
core-only nanocrystals.18 QDs have a size-dependent intrinsic dipole moment arising from the surface
localized charges among other possible contributions like shape asymmetry & surface strain.19 This
indicates that the influence of surface charges is evident in creating a local electric field fluctuation
in QDs. QCSE causing a redshift & broadening of spectra was observed for both spherical & rod-like
QD.13, 14, 16 It was also observed that the QCSE changes the optical phonon coupling.14 Signal-to-
noise ratio of single QD spectra collected using micro-photoluminescence setup is generally lower
for a single acquisition time (usually in the order of ms to s) and thus an integration over longer
acquisition times is necessary to build the spectra. But the presence of SD broadens the time-integrated
spectra,20 hiding the significant characteristics behind the lineshape of a QD, for instance a Lorentzian
zero-phonon line on a broadband acoustic phonon pedastal.21 Studies have been done to identify a
continuous or discrete chargemotion based on the statistics of spectral jumps.14, 22 It was also observed
that the spectral shifts are not entirely random but also the positions are repeated showing a memory
of the previous shifts.23 Thus a detailed study of SD on exciton emission has been done by means of
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Figure 5.1. | Spectra of InP/ZnSe QDs. (a) Ensemble emission and absorption spectra at room temperat-
ure. Inset shows the TEM and HR-TEM images of the QD. (b) Polarization resolved emission spectral sequence
of a single QD at 5K exhibiting emissions from exciton (X), biexciton (XX), negative trion (X−) and ZnSe
TO-phonon replica of exciton emission (XTO). Acquisition time is 1s. Half-wave plate angle is 82o. (c) Corres-
ponding spectral jitter corrected spectra.

single QD spectroscopy. However, SD of biexciton & trion which have faster radiative lifetime than
exciton have been rarely explored at cryogenic temperature, to our knowledge. Though there is a
report of QCSE observed on both exciton and trion at room temperature in a blinking study, the trion
was considered as an intermediate state with lower intensity than exciton.24, 25

5.2. Spectral diffusion of band edge excitonic species

5.2.1. Redshift, broadening & enhanced phonon coupling in neutral-exciton

InP/ZnSe QDs under studywere synthesized according to themethod described in section 1.5.2. Figure
5.1a shows the ensemble emission and absorption spectra of the QD at room temperature and the
inset shows the TEM & HR-TEM images of the QD that has an overall diameter of 10 nm with a
core diameter of 3.2 nm. The sample for single QD spectroscopy was prepared by diluting InP/ZnSe
QDs to a nanomolar concentration which is then mixed with 1% solution of polystyrene-toluene in
the ratio of 1:9 and dropcasted on a quartz coverslip. QDs were excited either at 473 nm or 532 nm
keeping the temperature at 5K and the polarization resolved spectra were collected using the micro-
photoluminescence setup described in Appendix C.1. As shown in section 3.2, the single QD spectra of
InP/ZnSe QDs at 5 K under 473 nm excitation had distinct features such as: doublet feature as exciton
(X) due to minor anisotropy in z-axis, a doublet feature with inverted polarization to Xas biexciton
(XX) and a singlet as a negatively charged trion (X−).26 Figure 5.1b,c shows an overview of these
spectral features for a single QD at 5K consisting of X , XX (10 meV binding energy), X− (19 meV
binding energy from lower energy feature of exciton doublet) and also a spectral doublet replica of
X with similar polarization directions observed 27 meV below X , which is attributed to ZnSe TO
phonon (XTO). Note that the spectral image sequence is shown as a value/hue plot, where the color
value and hue correspond to the total emission intensity and the degree of polarization (DOP) at
each time point and emission energy. Only X emission was observed at lower excitation power and
increasing the excitation intensity induces the switching transition from the X to a charged state (or
trion X−). The trion forms a spin singlet state of the two equal charge carriers, so that the opposite
charge carrier does not encounter exchange interaction. Hence the trion emission has no fine structure
splitting at B=0.27 Emission fromXX is confirmed by the inverted polarization toX and a supra-linear
dependence to input excitation intensity (see Figure 3.2d). TheXX state with two electron-hole pairs
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Figure 5.2. | Effect of QCSE on exciton. (a) At low flux, exciton emission is at higher energy (1.994 eV) with
little SD. (b) above: Integrated spectra resolve the doublet splitting of 1.2 meV, below: Jitter-corrected spectra
showing a linewidth of 375 µeV also clearly resolves the PSB on either side of the ZPL. (c) above: relative
spectral shift from central emission energy in the order of 0.15 meV, (below): variance of the emission which
is proportional to the linewidth of the QD. (d, e, f) At increased flux, exciton emission shifts to lower energy,
(1.991 eV), with SD in the order of 1 meV. (g, h, i) At larger flux, exciton emission at (1.988 eV) showing high SD
in the order of 2 meV. The linewidth values are indicated. Acquisition time of each pixel is 0.5s in (a, g) and 1s
in (d).
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Figure 5.3. | Effect of QCSE on optical phonon coupling to exciton. (a) Increase in QCSE separates the
charge carriers and causes redshift in exciton emission energy, a reduction in oscillator strength, and an increase
of the static dipole of the exciton, increasing the coupling to optical phonons. (b) TO phonon replica weight to
ZPL versus exciton emission peak energy. The redshift due to QCSE results in more phonon coupling.

is a spin singlet, and the recombination of theXX leaves a bright exciton.28 Hence the doublet splitting
of 1.2 meV from X is also observed in the XX emission, but with opposite polarization order.

The emission energy and the SD observed for the investigated QD depended on excitation intensity
and integrated excitation flux over a continuous illumination. Generally, increasing of either of the
two quantities increased redshift and SD, and switching between emission from the X and X−, in-
dicating QD charging by unbalanced escape of charge carriers. The movement of the charge carriers
created by the optical excitation on the surface or the environment of the QD causes a change of
the local field which shifts the QD emission. The QCSE causes a redshift in the excitonic emission
with increasing field, and the induced static dipole moment in turn increases the sensitivity to the
local electric field and thus the SD. The spectra shown in Figure 5.1c for the corresponding sequence
displayed in Figure 5.1b is a result of a spectral jitter correction which factorizes the spectra into an
underlying jitter-corrected spectrum and time dependent probabilities of a set of shifts of the spectra.
This jitter-correction algorithm takes into account the level of spectral shifts on consecutive acquisi-
tions by aligning their peaks and gives a time-dependent probability for such transitions. This is done
by a non-negative matrix factorization technique that disentangles spectral diffusion from intrinsic
lineshape, since the QCSE induces a spectral shift but maintains the same spectral shape. Thus the
spectral diffusion data is factorized as a linear combination of components identified by non-negative
spectra and corresponding probability. After applying this jitter-correction algorithm to the data, the
phonon sidebands (PSB) are then clearly resolved on bothX &X−spectra at either side of the central
ZPL emission line, which account for 30% of the total emission.

First the effect of SD onXis discussed, showing in Figure 5.2 polarization resolved spectral sequences,
time integrated spectra, spectral jitter corrected spectra and their respective level of spectral shifts, for
different excitation powers and total fluxes. In Figure 5.2a, at low flux and power, when the QCSE was
less with negligible SD, the corresponding time integrated spectra shown in Figure 5.2b (above) still
resolved the doublet splitting and were centered around 1.994 eV. Figure 5.2b (below) shows the jitter-
corrected spectrum, clearly resolving the PSB on either side of ZPL, and a linewidth of 375 µeV gives
an upper limit for the homogeneous broadening at 473 nm excitation, but is dominated by SD during
the acquisition time of 0.5 s. Figure 5.2c (above) shows the spectral shift from the central emission
energy in the order of 0.15 meV and Figure 5.2c (below) shows the respective variance of the emission
in the order of ∼0.4 meVwhich is proportional to the linewidth. For higher accumulated flux but lower
intensity shown in Figure 5.2(d, e, f), we find SD revealing discrete energy steps around 1 meV, likely
due to a carrier trap close to the QD surface. The average emission energy has now shifted about 3
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meV to the red (peak energy of 1.991 eV with a linewidth of 500 µeV), indicative of the higher average
local field. At higher excitation intensity and even more accumulated flux shown in Figure 5.2(g, h, i),
the emission has redshifted about 6 meV (peak energy of 1.988 eV with a linewidth of 2 meV) and the
SD is fast and strong with the spectral shift in the order of 1.5 meV.

QCSE also influences the optical phonon coupling to the exciton emission. An increase in the QCSE
separates the charge carrier reducing the overlap of electron-hole wavefunction and thus a reduction
in the oscillator strength. This increases the static dipole of the transition as shown in Figure 5.3a and
thus increases the coupling to optical phonons. We observe that the weight of the XTO phonon line
is increasing from 8% to 18% with a redshift in the exciton emission energy from 1.994 eV to 1.989 eV
respectively, as shown in Figure 5.3b.

5.2.2. Reduced spectral diffusion in biexciton and trion

Though the SD of X emission in QDs is studied extensively in literature,12–17 a correlative SD study
of multiple exciton species to X is rarely explored at cryogenic temperature for QDs. In Figure 5.4a,
polarization resolved spectral sequences showing the XX and X emission simultaneously and the
X− emission during intermittent charging are shown. Interestingly, the linewidth of XX and X− is

Figure 5.4. | QCSE in exciton &multiple exciton species. (a) Polarization resolved spectral sequence of the
same QD showing the SD ofX ,XX andX−. Integration time is 0.5 s. Half-wave plate angle is varied initially
and later set to 82o. Note that the XX has an inverted DOP for the doublets compared to X . (b) Histogram of
their respective peak energies which confirms that linewidth of XX & X− is much narrower than X . (Lower
energy peak value is shown forX &XX doublets). (c) Dependence ofXX binding energy onX peak energy.
The redshift of exciton decreases the binding energy of XX and thus confirming a change in band offset &
electron delocalization due to QCSE. (d) Dependence of XX transition energy with respect to X peak energy,
showing a much weaker QCSE on the XX to X transition.
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Figure 5.5. | QCSE in exciton & multiple exciton species. (a) Polarization resolved spectral sequence
of the QD with the simultaneous observation of X , XX & X−. Integration time is 0.5s. (b) Histogram of
their respective peak energies (lower energy peak values shown for X & XX doublets) (c) Corresponding
spectral jitter corrected spectra (d-e) The redshift of exciton decreases the binding energy of XX and X−,
thus confirming a change in band offsets and charge delocalization due to QCSE. (f-g) Dependence of XX &
X− transition energy with respect to exciton peak energy, showing the much weaker QCSE on the XX to
X transition & X− to X transition.

much narrower thanX as analyzed in the peak energy histogram in Figure 5.4b. Since theXX emis-
sion is simultaneously observed as the X emission with jittering transitions in a similar direction in
the energy scale, their emission peak energies can be correlated. Thus a linear dependence of the
XX binding energy on the X energy is obtained with a slope of 0.85±0.01 as shown in Figure 5.4c.
The peak energy of XX emission accordingly shows linear dependence on X energy with a slope of
only 0.15 ± 0.01, as shown in Figure 5.4d. These two are correlated by the sum of slopes adding to 1.

Further in an another acquisition, both the XX and X− emission are observed together with the
X emission (see Figure 5.5), which is attributed to a fast charging dynamics within a single integration
time of 0.5 s. The redshift ofX decreases the binding energy of bothXX &X−, suggesting a reduced
electron-hole wavefunction overlap due to QCSE.29, 30 Again, a minimal SD of XX & X− emission
compared toX emission is observed. Notably, a slope of 0.035 ± 0.01 for theXX emission and 0.38 ±
0.04 for theX− emission was found. While the stark shift is smaller forXX thanX−, the change in
binding energy has an opposite effect with a slope of 0.96 ± 0.01 and 0.62 ± 0.01 respectively. Again,
note that these two are correlated by the sum of slopes adding to 1.

5.3. Influence of QD environment

5.3.1. Polarizability as a tool to distinguish band edge emissions

The light induced SD has been attributed to the randomfield fluctuations induced by trapping & release
of free carriers at defects in the environment of self-assembled QD.31, 32 In case of our QD, presence of
trap sites, for instance, resulting from an un-passivated surface may cause a rapid charging with fluc-
tuating transition energies. The simultaneous observation ofX ,XX &X− emission shown in Figure
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5.5 indicates a rapid charging dynamics happening much faster than a single experimental acquisition
time. As shown in Figure 5.2, the stronger local field arising from the larger charge fluctuation happens
especially for accumulated flux after longer excitation of the QD with CW pumping. This implies that
the prolonged excitation creates a non-equilibrium charge distribution in the QD environment, for
example via Auger escape of carriers from the QD and subsequent carrier hopping via further photon
absorption by the carriers in the dielectric environment. Monitoring the SD of a QD could give an
indication of the kind of environment it experiences.

Figure 5.6 shows two examples for fluctuating positions of a charge carrier. Figure 5.6a shows the
spectral sequence of a single QD and a selected spectrum shown in Figure 5.6b has a linewidth as
narrow as 50 µeV with the experimental acquisition time of 500 ms. The inset shows the spectral
shift from the central emission energy, where a 55 distinct number of spectral components emitting at
different energies is identified. Figure 5.6c shows the spectral sequence of another QDwhose spectrum
is shown in Figure 5.6d. Here, the spectral shift shown in inset has only a 5 distinct number of spectral
components emitting at different energies is identified. Hence it can be inferred that the fluctuations
in the emission energy may arise via trapping of just one charge carrier fluctuating in the surrounding
trap sites depending on the particular QD environment.

Note that the QDs shown here are quasi-resonantly excited onto the InP core using 532 nm CW laser
where an increase in the quantum yield of the emission is observed (more observation of single QD
emissions ∼40) compared to the non-resonant 473 nm excitation shown before (∼10). At 473 nm ex-
citation, the corresponding excess energy of 290 meV could be sufficient to activate a hole over the
ZnSe barrier. It is therefore speculated that the resulting electron charging creates Auger recombina-
tion and broad emission lineshapes, which are not visible. Using 532 nm excitation instead, the excess
energy is below this activation energy and a narrow linewidth is expected with more quantum yield.
The observation of singlet emission here could be either a trion or an isotropic exciton without notice-

Figure 5.6. | Influence of QD environment. (a) Spectral sequence of a single QD. Integration time is 0.5s.
(b) Selected spectrum showing a linewidth of 50 µeV. Inset: relative spectral shift from central emission energy
where a 55 distinct number of spectral components emitting at different energies are identified. (c) Spectral
sequence of a single QD. Integration time is 1 s. (d) Spectrum has a linewidth of 98 µeV. Inset: relative spec-
tral shift from central emission energy where a 5 distinct number of spectral components emitting at different
energies are identified.
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able fine structure splitting. They are tentatively assigned to an isotropic exciton expected for these
QDs,26 which is also supported by the magnitude of spectral shift in the order of meV comparable to
the values shown in Figure 5.2 for exciton.

Cryogenic spectroscopy of single QDs have been used to identify the band edge exciton emission
features.4 The spectral feature can be a singlet or multiplet depending on the fine structure of the QDs.
However, a care must be taken in assigning the reasoning for the multiplet emission spectra since the
multiplet could also be the result of the SD of a single line jumping in the energy scale, due to charge
fluctuations within the experimental acquisition time. Also the lineshape of the spectra has to be
considered since an acoustic phonon with a non-Lorentzian shape could also be wrongly considered as
a multiplet. Using polarization resolved spectroscopy would confirm multiplet emission, for instance
a bright exciton fine structure arising due to xy-anisotropy would be polarized perpendicular to each
other and thus have different DOP.33, 34 Further the polarization of the acoustic phonon would be
similar to the polarization of ZPL emission, as can be seen in Figure 5.1c. As described in this chapter,
the combination of polarization resolved spectroscopy of single QDs and spectral jitter correction
to extract the cleaner spectra reveals the correct identity of band edge emissions. Further, from the
observation of minimal effect of QCSE on XX & X− emission compared to X , it is proposed that
the polarizability could be used as a tool to distinguish the band edge emissions. To confirm this, a
valid theoretical model is needed to find the energy shifts in the presence of a point charge on the QD
surface for excitonic species such as X , XX , X− & X+.

5.4. Theoretical model

5.4.1. Configuration interaction

The influence of stark effect in quantum dots has been studied theoretically where a clear difference in
the emission energies was observed at higher field intensity.35, 36 In electrically injected self assembled
QDs, the field dependence of the transition energies obtained experimentally has been adequately
modeled with E = E0 + ρF + βF 2 where E0 is the energy at zero electric field F = 0, ρ depends on
the built-in dipole moment and β describes the polarizability of electron and hole wavefunction.37, 38
While some studies observed a reduction of dipole moment and polarizability in multiple exciton
species compared to a neutral exciton,39–43 other studies reported contradicting results.44–47 In case of
colloidal QDs, the exciton polarizability for ensemble of QDunder applied electric fieldwas determined
both experimentally48, 49 and theoretically.50, 51 A blinking study on single QD at room temperature
revealed a smaller polarizability for intermediate states (trions) than neutral excitons.24, 25

Our observation of reduced SD in multiple excitons due to QCSE in single InP/ZnSe QD at cryogenic
temperature, as shown in Figure 5.4 & Figure 5.5, implies a reduced polarizability for them compared
to a neutral exciton. To validate this hypothesis, a theoretical model is developed by Prof. Juan Ignacio
Climente Plasencia (Universitat Jaume I, Spain) tomonitor the effect of a point charge on the QD surface
on the ground state energy of excitonic species. See Figure 5.7 for the model of QD system under study.
Here, there are three concentric circles with core in the middle surrounded by shell and this is followed
by the outer matrix where the point charge is located 0.5 nm away from the QD surface. The electron
and hole single-particle states are described with three-dimensional effective mass Hamiltonians:

Hj = p2
⊥

2mj,⊥
+

p2
∥

2mj,∥
+ V j

offset + V j
strain ± e2

ϵ(r)|r − rcharge|
(5.1)
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Figure 5.7. | CI calculations. (a) Emission peak energies of excitonic species for different core sizes of QDs
with same shell radius of 5 nm. Notation: X0 is X , Xn is X−, Xp is X+ and XX is XX . (b) Relative emission
peak energies of excitonic speciesXX ,X− &X+ withX taken as reference. (c) Surface point charge induced
shift of emission peaks of excitonic species for different core sizes by keeping the shell size constant at 5 nm.
Examples of a point charge on surface of the QD for two extreme core sizes is shown.

where the subscript j = e, h represent the electron and hole. The chosen band offset values are: V e
offset

in (eV): InP (0) and ZnSe (0.77), V h
offset in (eV): InP (0) and ZnSe (-0.57) and the chosen lattice parameter

in (Ang): InP (5.87) and ZnSe (5.67).52 In InP/ZnSe QD studied, the large band offset indicates a type-I
structure, but a compressive strain could unstabilize the core states which may induce a leakage into
the shell. The presence of external charge gives a very deep but short-ranged potential inside the core
with a potential along y (impurity) axis being ∼10 meV/nm for the dimension of our QD. The last
term in the equation 5.1 is the Coulomb interaction term with e representing the electron charge and
ϵ denoting the relative dielectric constant (10 for core, 6 for shell and 2 for outer matrix).

The Hamiltonian for excitonic species such asX ,XX ,X−,X+ can be calculated using a Configura-
tion interaction method and a general Hamiltonian for such states including the interactions among
electron & hole (e-h, e-e and h-h interactions) can be written as:

H =
∑

i

H i
e +

∑
j

Hj
h +

∑
ij

V ij
eh +

∑
i>i′

V ii′
ee +

∑
j>j′

V jj′

hh (5.2)

Using the single-particle terms from equation (5.1), Coulomb integrals in equation (5.2) are calculated
through integration of Poisson equation accounting for dielectric mismatch.

The Hamiltonian is expanded in a basis formed by all possible combinations of the 8 lowest single-
particle electron and 8 highest hole spin-orbitals. The eigenfunctions are then of the form:
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Figure 5.8. | Perturbational calculations. (a) Surface point charge induced shift of emission peaks of ex-
citonic species for different core sizes with same shell radius of 5 nm. Notation: X0 is X , Xn is X−, Xp is
X+ and XX is XX . (b,c) ∆Ej , ∆Vee, ∆Vhh & ∆Veh for different core sizes.

ΨX =
∑
ij

cij ϕ
i
e ϕ

j
h

ΨX− =
∑
ijk

cijk det(ϕi
eϕ

j
e) ϕk

h

ΨXX =
∑
ijkl

cijkl det(ϕi
eϕ

j
e) det(ϕk

hϕ
l
h)

(5.3)

where ϕ denotes a single-particle spin-orbital and det(ϕiϕj) represents the corresponding Slater de-
terminant. ΨX+ is relative to ΨX− .

Using configuration interaction (CI) method where the Basis set are taken from s and p shells of elec-
trons and holes with 8 spin-orbitals per band, the emission energies of uncharged system is calculated
which is shown in Figure 5.7a. The relative emission energies of multiple excitonic species from the
neutral-exciton is shown in Figure 5.7b where one can deduce the expected binding energies of dif-
ferent excitonic species like XX , X−, X+ from X . It can be inferred that the binding energies of
multiple excitons are reduced for larger core sized QDs due to weaker confinement where the elec-
trons and holes have larger space to accommodate their wave functions (Coulomb interaction scaling
as 1/r is smaller). Note that the X− has a redshift while the X+ has a blueshift with respect to X ,
which agrees our assignment of a redshifted singlet emission asX− in Figure 5.1c. Figure 5.7c shows
the examples of model where a point charge is present on the surface of the QD with two extreme
core dimensions for the same shell size. As shown in Figure 5.7c, the electric field induced by a point
charge redshifts all excitonic species, except in very small cores of Rc = 1 nm where Coulomb terms
are very large (1/r is small) which competes with ∆Ee+∆Eh. The redshift is more pronounced for
X than for multiple excitons with XX being the lesser affected species. The binding energy of mul-
tiple excitons from X becomes larger for larger core sized QDs which indicates a more polarizable
nature of wavefunctions.

5.4.2. First order perturbations

To infer the results obtained using CI mathematically, a 1st order perturbation on the basis of non-
interacting electron and hole orbitals is used. The different response of X , XX , X−, X+ can be
understood by simply comparing the effect of surface point charge on e-h, e-e and h-h interactions.
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Figure 5.9. | Polarizability of wavefunctions. (a-c) Wavefunctions for smaller (Rc = 1 nm), medium (Rc =
2 nm) and larger (Rc = 4 nm) sizes of InP core having same shell size (Rs = 5 nm) in the absence (δ = 0) and
presence (δ = 1) of a surface point charge. For smaller cores the electron tunnels into ZnSe and becomes more
polarizable. For larger cores, electron and hole are both more polarizable.

Moreover, the polarizability of the wavefunctions by introducing a surface point charge could be in-
ferred for different sizes of QDs using the perturbational analysis.

The emission energies of excitonic species are calculated as:

EP L
X = EX − 0 = Ee + Eh + Veh

EP L
X− = EX− − Ee = Ee + Eh + 2Veh + Vee

EP L
X+ = EX+ − Eh = Ee + Eh + 2Veh + Vhh

EP L
XX = EXX − EX = Ee + Eh + 3Veh + Vee + Vhh

(5.4)

where Ee = ⟨Ψ|He|Ψ⟩, Eh = ⟨Ψ|Hh|Ψ⟩, Veh = ⟨Ψ|Veh|Ψ⟩, Vee = ⟨Ψ|Vee|Ψ⟩, Vhh = ⟨Ψ|Vhh|Ψ⟩.
Note that Ψ refers to the wave function of the excitonic species.

The stark shift Echarged − Euncharged for excitonic species are calculated as:

∆EX = ∆(Ee + Eh) + ∆Veh

∆EX− = ∆(Ee + Eh) + 2∆Veh + ∆Vee

∆EX+ = ∆(Ee + Eh) + 2∆Veh + ∆Vhh

∆EXX = ∆(Ee + Eh) + 3∆Veh + ∆Vee + ∆Vhh

(5.5)

The change in binding energy upon charging (stark shift differences as compared to that of exciton)
can be defined as ∆∆Ej

i = ∆Ej − ∆Ei such that:
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∆∆EX−
X = ∆Veh + ∆Vee

∆∆EX+
X = ∆Veh + ∆Vhh

∆∆EXX
X = 2∆Veh + ∆Vee + ∆Vhh

(5.6)

Figure 5.8a shows the energy shift of X , XX , X− & X+ for different core sizes calculated by per-
turbational simulations. X has the strongest redshift because the surface point charge weakens e-h
interaction more than e-e or h-h interactions. The heavier holes introduce stronger Coulomb correla-
tions and thus there is a small deviations forXX &X+, otherwise the perturbational data reasonably
agrees well with the CI calculations. Figure 5.8b,c shows the ∆Ej , ∆Vee, ∆Vhh & ∆Veh for differ-
ent core sizes. ∆Vee & ∆Vhh get gradually stronger with core sizes because the charge succeeds in
concentrating charge in a region (away/close) to the charge (for electron/hole). Changes in ∆Veh are
more conspicuous because the surface charge is more efficient in separating electron and hole than
concentrating charges in a narrow region (due to competition with quantum confinement).

Figure 5.9a-c shows the polarizability of wavefunctions for smaller (Rc = 1 nm), medium (Rc = 2 nm)
and larger (Rc = 4 nm) sizes of InP core having same shell size (Rs = 5 nm) in the absence (δ = 0) and
presence (δ = 1) of a surface point charge. The wavefunctions are more polarized by surface point
charge when core is too small (Rc = 1 nm) where electron leaks out in a strong confinement regime,
or core is large (Rc = 4 nm) where both the electron and hole move in response to the point charge
in a weak confinement regime. The medium sized core has only minor effect on the symmetry of
wavefunctions remaining in a comparatively stronger confinement regime.

5.4.3. Field strength dependence

The redshift of exciton is larger for accumulated flux shown in Figure 5.2 which means the local field
induced by the surface charge is more compared to earlier measurements when the local field would
have been comparatively lower. To understand this phenomenon, we multiply the full point charge
intensity by a certain ∆=0-1 for the core size of 1.5 nm with 5 nm shell. Note that the surface charge
is likely to be less than full charge in QDs.53 The corresponding energy shifts of the excitonic species
are shown in Figure 5.10a,b calculated by CI and perturbational simulations respectively. This again
exhibits a larger redshift for X than muliple excitons. A 3% configuration mixing makes a difference
in the energy scale in the order of 1 meV with larger redshifts for XX & X+. Since this result over-
estimates the shift of XX , it is speculated that the actual shell size of our QDs could be less than 5
nm. It should also be noted that the simulations are done by taking into account the heavy hole mass
which could also alter the theoretical result. Figure 5.10c,d shows the perturbational calculations of
∆Vee, ∆Vhh & ∆Veh and ∆1e & ∆1h respectively. In this dissertation, the influence of one surface
charge to the different exciton species is studied that agrees with the experimental result. Note that
the result could be extrapolated for a presence of more number of charges by simply multiplying the
factors. However, the mutual attraction/repulsion and the location of charges could complicate the
situation and influence the results from the theoretical model. It is speculated that the relative effect
of more number of charges on different exciton species could be similar to the case of one surface
charge studied here, which evidently requires a more detailed study that is beyond the scope of this
dissertation.
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Figure 5.10. | Field strength dependence. (a,b) Field dependent energy shifts of excitonic species in a QD
having a core radius of 1.5 nm and a shell radius of 5 nm, calculated from CI and perturbational simulations
respectively. Notation: X0 isX , Xn isX−, Xp isX+ and XX isXX . (c,d) Perturbational calculations of ∆Vee,
∆Vhh & ∆Veh and ∆1e & ∆1h respectively. In all the plots, δ=0-1 represent the factor of surface point charge
intensity.

5.4.4. Structural conditions for minimizing spectral diffusion

Generally, theoretically predicted values may not quantitatively agree with the experimental results
for smaller dimensional systems like QDs due to several factors like band non-parabolicity, valence
bandmixing and possibly missing a part of Coulomb correlations. In our case here, the most important
factor is the uncertainty about the precise nature of the surface charge (its position, nature - point-like
or delocalized, strength, number). Nevertheless, it can be concluded from the obtained results that the
external charge splits electron and hole weakening their mutual interaction (Veh) which has a stronger
effect than electron-electron (Vee) or hole-hole (Vhh) interaction. This makes all exciton complexes
redshift with external charge. X is usually the most redshifted complex, because the decrease of Veh

under the influence of a point surface charge is not balanced by Vee or Vhh which tend to compensate.
InP cores of 1.5 nm to 2.5 nm are in the strong confinement regime and the electrostatic shifts are
minimal (∼1 meV). For smaller cores the electron tunnels into ZnSe and becomes more polarizable.
For larger cores, electron and hole are both more polarizable with energy shifts more than 1 meV.

Blinking in colloidal QDs are believed to be suppressed by either having anti-blinking agents on surface
or having ultra-thick shell.54 While thick-shell could distance the point charge away from the central
core, more shell means larger surface area and thus there is a possibility of larger number of trap states
leading to more surface charges. In the limit of a homogeneous surface charge (instead of a point
charge), the electrostatic potential is constant all over the dot which would not give much spectral
shifts. However, a more number of point charges with an in-homogeneous charge distribution around
the QD environment may cause a significant spectral shift, depending on whether the effect of field
is compensated by some random charge localization. Also, the band offset of the QD and the core
size has a major contribution as evident from our theoretical results. Recently, giant shell CdSe/CdS
QDs were shown to be having more spectral diffusion than homogeneously alloyed CdSe QDs with a
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spectral shift of 10 meV & 1meV respectively at room temperature.55 As opposed to CdSe/CdS QD, our
InP/ZnSe QD has a larger band-offset and a thick shell here would certainly separate surface charges
from volumetric (exciton) charges. This explains the observed SD in the order of around 1 meV for
our QD which is smaller in size than giant-shell CdSe/CdS QDs. Room temperature spectral shifts in
our QD vary from one to another with negligible to around 10 meV (see section 2.3.3). Our results on
the polarizability of wavefunctions for different sizes of QD, band-offsets and excitonic species could
be utilized to aim engineering the QD structure for required applications.

5.5. Conclusion

In conclusion, the polarizability of different band-edge excitonic species such as X , XX and X− is
addressed by the observation of their respective SD at cryogenic temperature using micro-PL spec-
troscopy on single InP/ZnSe QDs. A redshift in X emission is accompanied with more SD, broaden
linewidth and increased phonon coupling, explained by theQCSE for accumulated flux. This redshift in
X emission reduces the binding energy of bothXX andX−, attributed to the reduced wavefunction
overlap due to QCSE. By correlating their level of SD, it is found that the QCSE reduces in trion-to-
carrier and biexciton-to-exciton transitions compared to neutral-exciton. Further, by monitoring SD
of QDs having linewidth as narrow as 50 µeV, we find the environmental influence in creating charge
fluctuations. These results are supported by theoretically predicting the energy shifts of excitonic
species in the presence of a point charge on the QD surface, using configuration interaction and per-
turbational simulations. Using InP/ZnSe QDs as an optimized system to minimize SD, a theoretical
understanding of the structural conditions that determine the magnitude of QCSE in core-shell QDs
is provided. This allows to show that minimal SD can be expected for strongly confined cores (large
band-offset, moderately small core) and multi-excitonic species. Concomitantly, it is proposed that
the polarizability could be used as a tool to distinguish the band-edge emissions, especially for smaller
sized QDs. From these results, future synthetic protocols could aim engineering the QD structure for
required applications such as quantum photonics.
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Synopsis

Though clearly promising, isolated QDs as single photon sources are only usable when they
can be deterministically positioned on a silicon chip, both for scalability and to couple the
QDs to nanophotonic devices. The latter will be required to further boost the brightness and
directionality of single photon emission. In this chapter, deterministic positioning of single
InP/ZnSe QDs using electron-beam lithography is attempted with a result of ‘probabilistic’
30% accuracy. Further, single QDs are embedded in a silicon nitride host matrix that not only
protects the QDs from environment but also acts as awaveguide. While the collection efficiency
currently limits the demonstration of single photon emission with high purity, there are greater
prospects to further improve the design which are also discussed in this chapter.
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6.1. Introduction

6.1.1. Need for integration

The ultimate aim of a functional quantum photonic chip is to have a material that acts as a good single
photon emitter, a material that modulates & guides the emitted single photon and a material that
detects the single photon, with all of them integrated in the same chip.1 Such a photonic integrated
circuit (PIC) requires both active & passive components to perform complex optical functionality on a
chip at low cost. While colloidal QDs have been demonstrated to be a good single photon emitter under
both optical2 and electrical3 excitation, isolated QDs by means of either dropcasting or spincoating a
diluted solution on a substrate of choice is a random process.

First, single QDs needs to be placed in a pre-determined position on a silicon chip which requires
a successful transformation of the chemically synthesized QDs from a solution phase. The level of
accuracy of placing single QDs in a precise location needs to be determined. Then, a pure single photon
emission from a such a single QDneeds to be demonstrated. Even before the on-chip detection of single
photon, an intermediary step could be employed by using a confocal microscope to check whether the
optical properties of single QD on a silicon chip are as same as for an isolated QD on a glass substrate.
However, this requires an efficient method of guiding the emitted fluorescence from the single photon
source to the objective microscope. A better out-coupling of the mode of the emitted light could be
achieved by using a combination of waveguide (for guiding the emitted light with minimal loss), cavity
(for enhancing the spontaneous emission), & antenna (for better directionality of the emission). To
give a basic understanding of the need for having a cavity or antenna structure, see Figure 6.1 for the

Figure 6.1. | Single photon emission rate. Single photon emission from a single InP/ZnSe QD (dropcasted
on a glass coverslip) under pulsed excitation with repetition rates of 2.5 MhZ, 5 Mhz and 10 Mhz. Colloidal QDs
have a typical lifetime in ns range, which means that the maximum repetition rate of pulsed excitation that can
be used is around 10 MhZ. So an integration of QDs to a cavity structure to enhance the spontaneous emission
rate is critical for higher rate operation.
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single photon emission from a dropcasted single InP/ZnSe QD under pulsed excitation with repetition
rates of 2.5 MhZ, 5 Mhz and 10 Mhz. As discussed in section 2.3, the typicial lifetime of InP/ZnSe QDs
at room temperature is ∼22.5 ns and hence a mechanism to enhance the spontaneous emission rate is
critical for higher rate operation.

As a pre-requisite for achieving a practical single photon source, this chapter discusses the initial in-
vestigations of placing the single InP/ZnSe QDs in a pre-determined position in combination with
silicon nitride (Si3N4) photonics for low loss waveguide. Regarding the cavity and antenna struc-
tures, references to the similar in-house work on ensemble of QDs using silicon nitride photonics are
provided. For instance, plasmonic antennas on top of Si3N4 waveguides were shown to be exhibit-
ing Purcell enhancement with an increase of the count rate (spontaneous emission), speeding up the
microsecond radiative lifetime of ensemble of infrared-emitting colloidal PbS/CdS QDs.4 Also, a Pur-
cell enhancement up to a factor of 7 was reported for the SiNx/Au nanopatch cavity containing the
ensemble of CdSe/CdS QDs.5 Information on integrating colloidal QDs with cavity structures can be
found in the other references,6–9 for more details.

6.1.2. Integration technology

Silicon photonics is the technology platform in which PICs are fabricated using the technology and
processes available in a standard complementary metal oxide semiconductor (CMOS) fab. Here, the
optical components are designed & constructed on silicon-on-insulator (SOI) wafers. These wafers
contain a crystalline silicon layer on top of a silicon oxide buffer layer. Silicon photonics are mainly
utilized in telecommunication applications integrating high speed transmitters and receivers where
there is also a possibility of implementing several passive optical components like wavelength division
multiplexers, resonators, filters, splitters, coupling to optical fibers, etc.10

Alternative platform is silicon nitride Si3N4 which has an optical index of ∼2.0 that provides a lower
index contrast compared with the SOI platform (∼3.5). Since the waveguide propagation loss is pro-
portional the square of the refractive index ∆n2 = n2

core − n2
cladding,11 Si3N4 waveguide has a lower

propogation loss with a reported value of 0.003 dB/cm.12 Contrary to silicon, Si3N4 has a weaker
Kerr nonlinearity with nearly-zero TPA and thereby the extra waveguide loss at high power is com-
paratively reduced. Additionally, Si3N4 exhibits transparency from the visible to the mid-infrared
wavelength making it suitable for various photonic applications including integrated photonic cir-
cuits, nonlinear optics, high quality optical cavities, and on-chip biosensing. Note that Si3N4 platform
is also compatible with CMOS technology. Si3N4 can be deposited with plasma enhanced chemical
vapour deposition (PECVD) at low temperature (270 ◦C) or low pressure chemical vapour deposition
(LPCVD) at high temperature (700 ◦C). This provides a flexibility in choosing the substrates. For in-
stance, LPCVD provides a homogeneous layer of Si3N4 that are commonly used in telecomwavelength
of around 1550 nm since the high temperature operation also removes the hydrogen content. On the
other hand, PECVD provides flexibility with a different composition of Si3N4 layer with required re-
fractive indexes.10

Colloidal QDs being an efficient light emitting material (both lasing & single photon emission) in
the visible wavelength range can act as an integrated light source utilizing the Si3N4 platform as a
waveguide. It was recently reported that Si3N4 platform is favorable for colloidal QDs by demonstrat-
ing successful integration onto silicon chip.13 Further, low-loss waveguiding was demonstrated in a
monolayer of CdSe/CdS colloidal QDs in a Si3N4 waveguide.14 CdSe/CdS core/shell QDs, embedded
as a sandwiched layer between Si3N4 layers, did not lose photostability by checking their fluorescence
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before and after depositing the Si3N4 layer using PECVD. Furthermore, several optical functionalities
were demonstrated in CdSe/CdS QDs using Si3N4 photonics, such as a microdisk laser,15 distributed
feedback laser (DFB) laser16 and microcavity on ensemble of QDs.5 Using electron-beam lithography,
both the SiNx/Au nanopatch cavity and the ensemble of CdSe/CdS QDs within the cavity with an
accuracy of 10 nm was demonstrated.5

6.2. On-chip emission

6.2.1. Placing single quantum dots on a pre-determined position

Several methods have been proposed and demonstrated for patterning NCs into defined arrays such
as: electron-beam lithography,9, 17–21 photolithography,22 plasma lithography,23 scanning probe litho-
graphy & chemical functionalization,6, 24 dip-pen nanolithography,25 photoresist contact patterning,26
DNA-mediated assembly,27–29 electrostatic self-assembly,30–32 template-assisted self-assembly,33, 34 and
laser direct writing.35 Among them, electron-beam lithography provides an excellent control over the
pattern structure down to the single QD level.

Knowing that InP/ZnSe are suitable single-photon emitters, an established electron beam lithograph-
ical patterning technique17 was used to place the single InP/ZnSe QDs on a pre-determined position
on a silicon chip. It consists of three major steps: (i) the deposition area where the QDs needed to
be placed is patterned on a resist using electron-beam lithography, (ii) the formation of a uniform
QD-monolayer using Langmuir-Blodgett (LB) deposition on top of resist, and (iii) a lift-off process to
remove the QDs in non-patterned area.

The first step is the spincoating of the resist (ZEP 520A positive resist) on top of the silicon substrate.
This is followed by baking for 4 minutes ramped from 100 ◦C to 150 ◦C and 2 min at 200 ◦C to obtain
a thickness of 30 nm. A 50 kV electron beam lithography (Raith Voyager) is used to define the hole
pattern for placing single QDs. Electron beam is focused on the resist film to create the spot for single
QDs and this is achieved by exposing dot by dot in a pattern. Dot exposure is varied by linearly
multiplying the amount of exposure dose factor to increase the diameter of the spot size. There is no
one universal value of this dose factor for single QD pattern as this depends on the thickness of the
resist and the size of the QD as well. For this study, a multiplying factor of 1 to 5 was used for a 0.25
fC/dot with dose area of 100 µC/cm2. Finally, a 0.5 fC/dot was chosen to be good for single InP/ZnSe
QD deposition. Afterwards, the patterned resist was developed for 30s in n-amyl acetate, 30s stopper
in isopropyl alcohol (IPA), and 5-10s O2 Reactive-ion etching (RIE) plasma. Note that the diameter of
the QD studied is around 10 nm.

The second step is the deposition of a monolayer of QDs on top of the pattern. This is achieved using a
widely known LB (Nima 312D) technique where a suitable dilution of QDs is dropcasted on the trough
containing DI-water.36 The hydrophobic QDs with their organic ligands float on the water which is
then compressed until a certain pressure is reached (20 mN/m for this QD), that is optimum for the
QDs to form a monolayer. Once this pressure is reached, the substrate is slowly lifted upwards so that
a monolayer of QDs is deposited on them. See Figure 6.2a for a perfect monolayer of QDs imaged
using a high resolution scanning electron microscope SEM (FEI Nova 600). Figure 6.2b-d shows some
examples of voids in the monolayer of QDs. To minimize cluster formation, QDs can be purified before
LB deposition. This is done by adding ethanol/methanol/acetone to QD solution to remove the ligands,
followed by a centrifuge that precipitates the QDs. This can be mixed with a solvent of choice like
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toluene/hexane to the needed concentration. An optimization and repetition of the steps mentioned
above is necessary until a proper monolayer can be formed.

The third step is the lift-off process which removes the layer of QDs and the resist leaving behind the
QDs in the pattern designed. This is achieved by ultrasonication of the substrate on a mix of toluene
and acetone in the ratio of 1:4. The thickness of the resist is an important parameter as it can influence
the outcome. For instance, thicker resist results in a good lift-off process without re-deposition of QDs
in non-defined area. However, a QD layer around the pattern having sharp edges might bend and

Figure 6.2. | Positioning of single QDs on silicon chip. Top: According to the method proposed by Xie et
al.,17 an electron-beam lithography is used to draw a pattern on the positive resist. This is followed by depositing
a monolayer of QDs using Langmuir-Blodgett technique on the patterned substrate. Then a lift-off process is
carried out to remove the resist leaving the QDs inside the pattern. SEM images: (a) A perfect monolayer (b-d)
Some voids in monolayer indicated in red. (e-h) Pattern after the lift-off process with QDs in the pre-determined
positions. Red highlights the void due to non-perfect monolayer and lift-process. (i-k) Dot exposure can be
varied to create different sized holes in the photo-resist during electron-beam lithography and accordingly a
group of QDs to single QDs can be deposited. Red highlights the re-deposition of QDs in the area not defined
in the patter due to non-perfect lift-off process leaving QDs residue. (l) A perfect monolayer and lift-off process
would result in a deterministic placement of single QD. Finally, a dot exposure of 0.5 fC/dot with a dose area of
100 µC/cm2 was chosen for single QD deposition.
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break up for a thicker resist. Hence there is a trade-off between reducing the thickness of the resist
and establishing a good lift-off process.17

See Figure 6.2e-h for the QD patterns from an overview to zoom-in of regions where single or cluster
of QDs can be clearly seen. Red color arrows and circle indicates voids in the monolayer where the
regions are defined in the pattern. A multiplying dot exposure is used as indicated before (see Figure
6.2i-j) and accordingly a pattern of different sizes was formed which ‘captures’ the QDs in those pre-
defined positions. Red color circles indicate redeposition of QDs residue in the non-defined area.

Examples for a good combination of LB monolayer film and the lift-process are shown in Figure 6.2k-l
where single QDs are seen in the pre-determined area. In this case, the chosen dot exposure was the
above mentioned 0.5 fC/dot with a dose area of 100 µC/cm2. However, the overall accuracy of pla-
cing the single QDs by imaging using SEM in the entire patterned area only amounts to 30%. While
a deterministic deposition of single QDs is attempted using electron-beam lithography, only a ‘prob-
abilistic’ 30% positioning accuracy of single QDs was achieved. This lower value is attributed to the
combination of both monolayer voids and the residue of QDs after lift-off process. In addition, the
differences in the sizes of single QDs from one another further cause either void (too big) or multiple
QDs (too small) in the pre-defined positions. A proper study on the surface chemistry of the QD under
study is also necessary to find the role of ligands during the LB deposition.

6.2.2. Single quantum dots embedded in Si3N4 waveguide

After attempting a deterministic deposition of single QD onto a silicon chip, the key objective is to
demonstrate on-chip single photon emission. QDs on silicon substrate is useful for SEM imaging,
however, the collection efficiency of emission from such a design is poor owing to the ∼3.4 refractive
index of silicon. Hence the QDs were embedded in a silicon nitride Si3N4 host matrix, which not only
protects them from the oxidative environment but also acts as a waveguide.

First, the emission characteristics of ensemble of InP/ZnSe QDs in such an embedded structure was
studied before integrating single QDs. Si3N4 was deposited using plasma-enhanced chemical vapor

Figure 6.3. | Monolayer ofQDs embedded in Si3N4 waveguide. (a) Collection of emission from amonolayer
of QDs with and without top Si3N4 . (b) Spectrum showing a redshift and broadening for the embedded layer
attributed to the background fluorescence from Si3N4 . Emission intensity reduces to 60% after the top Si3N4 layer
deposition using PE-CVD at room temperature. (c) PL decay trace shows a bi-exponential fit with t1 = 21.6 ns &
t2 = 55.5 ns for QDs without top Si3N4 layer and t1 = 2.7 ns & t2 = 21 ns for embedded QD layer with a relative
amplitude weight of 48% & 52% respectively.
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Figure 6.4. | Single QD embedded in Si3N4 waveguide. (a) Collection of emission from a single QD em-
bedded in Si3N4 waveguide (b) Spectrum of a single QD has the background emission from the substrate when
collecting using objective on top. (c) PL decay trace shows a bi-exponential fit with t1 = 2.96 ns and t2 = 17.94
ns. (d) Second order correlation function has a non-zero peak at t=0 which is attributed to the background
fluorescence from Si3N4 layer.

deposition (PECVD). PECVD forms a uniform Si3N4 layer at 270 ◦C (HT), but it can be tuned to de-
posit a layer at room temperature (RT) as well with a minor deviation in the homogeneity. The base
Si3N4 was deposited at HT to form a homogeneous layer on a buried oxide substrate. This was followed
by a deposition of monolayer of QDs using LB technique. Finally, the top Si3N4 layer was deposited
at RT so that the damage is minimized on the QDs underneath during the processing. By measuring
the relative emission intensity of a monolayer of QDs with and without top Si3N4 , it was found that
around 60% QDs withstand the top Si3N4 deposition as shown in Figure 6.3b. Further, the spectrum
of the embedded QDs (peak at 623 nm with a linewidth of 58 nm) showed a redshift and broadening
of about 12 nm each compared to just a monolayer of QDs on top of Si3N4 (peak at 611 nm with a
linewidth of 46 nm). This is attributed to the background fluorescence from the Si3N4 layer. Figure
6.3c shows the PL decay trace of monolayer of QDs with and without top Si3N4 fitted to a double
exponential function. The fit yielded t1 = 21.6 ns and t2 = 55.5 ns for the monolayer of QDs without
top Si3N4 , whereas it was t1 = 2.7 ns and t2 = 21 ns for the embedded QDs with a relative amplitude
weight of 48% & 52% respectively. As explained in Chapter 2, the average lifetime at room temperature
for single InP/ZnSe QDs is around ∼22.5 ns. Thus the extracted value of ∼21 ns for the monolayer
of QDs with/without top Si3N4 corresponds to the average lifetime of QDs. An energy transfer can
happen on the monolayer of QDs in a closely packed state which could explain the 55.5 ns obtained
for QDs without top Si3N4 . The absence of this value in the embedded QDs indicate that the closely
packed form is no longer present possibly due to the damage of layer after PECVD deposition of top
Si3N4 layer. The 2.7 ns in the embedded layer could be the background fluorescence from Si3N4 . Note
that the thicknesses of the top & bottom Si3N4 layers are 100 nm each.

Next the single QDs were embedded in a Si3N4 waveguide following the similar method as above.
The base Si3N4 was deposited at HT which was followed by the electron beam lithography method
described in section 6.2.1 for placing the single QDs on pre-determined positions. Finally, the top
Si3N4 was deposited at RT. Importantly, different grades of Si3N4 was investigated on monolayer of
QDs to find the host that gives the lowest background fluorescence so that emission from single QDs
can be easily distinguished. As such, a low frequency Si3N4 was chosen to be the top Si3N4 layer.
But, even the best grade Si3N4 tested on a monolayer of QDs still had the background fluorescence
when collecting the emission from a single QD.The emission was collected from top using an objective
microscope (see Figure 6.4a) having a diffraction limited resolution spot size of 300 nm. This excitation
spot size is much larger than the spatial region of single QD and hence the collected fluorescence could
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have a mix of both the exciton emission and the background fluorescence from Si3N4 layer. Figure 6.4b
shows a single QD spectrum that has a well pronounced background emission. The linewidth of 37 nm
(peak at 660 nm) is still narrower than the ensemble linewidth of 58 nm for the embedded QDs (peak at
623 nm) shown in Figure 6.3b. While there is a possibility that there could be more than one QD in this
region, subtracting the 12 nm Si3N4 background fluorescence calculated from the analysis of embedded
QDs discussed above yields a linewidth of 25 nm at a peak emission wavelength of 648 nm for this
QD. Since this value agrees with the linewidth of single QDs discussed in section 2.3, we attribute that
the emission in this region is stemming from a single QD. Moreover, Figure 6.4c shows the PL decay
trace of this QD with a bi-exponential fit yielding time constants of t1 = 2.96 ns and t2 = 17.94 ns,
which agrees well with the value shown in Figure 6.3c for an embedded monolayer of QDs that had
the contribution from both the background fluorescence and the QDs. Again, the PL lifetime of 17.94
ns for this QD is comparable to the 22.5 ns average PL lifetime of single QDs discussed in section 2.3.
While the magnitudes of spectral linewidth and PL decay lifetime collected for this QD suggests an
emission from a single QD, only a pure single photon emission could confirm this attribution. To check
for the single photon emission from this QD, the fluorescence collected via objective microscope was
directed to a Hanbury Brown Twiss setup to calculate the second order correlation function. Figure
6.4d shows the second order correlation function for this single QD with a non-zero peak at time t=0,
which is attributed to the background emission from the Si3N4 layer. A contribution of background
is also evident from an uneven second order correlation peaks under pulsed excitation as visible in
Figure 6.4d.

6.2.3. Design improvements

By studying QDs closer to the dielectric interface, it was reported that the collection efficiency of
photons emitted by a single QD depends strongly on the optical environment and the numerical aper-
ture of the objective used to collect the light emission.37 Further, finite-difference time-domain (FDTD)
simulations predicted that a suspended Si3N4 waveguide structure provides a better light confinement
of the guided modes and improves the coupling to the emitter.38 Therefore, it is proposed to integ-
rate single InP/ZnSe QDs in such a suspended waveguide structure rather than a stacked structure
decribed before. The light out-coupling also needs to be improved. Currently the emitted photons are
collected vertically by using a microscope with high numerical aperture. However, a grating coupler
can improve the coupling between a suspended Si3N4 waveguide and a microscopy system.39 In ad-
dition to the grating coupler, a distributed Bragg layer on top of the substrate rather than a mirror
as reflector to direct the emission to the guided mode can be effective. Next to the out-coupling, the
effect of the Si3N4 thickness on the waveguiding properties needs to be understood. Probing the differ-
ences in the collected emission intensity from an embedded single QD with progressively increased
Si3N4 thickness can be studied to find the optimum condition. An on-chip detection of the single
photon emission would mitigate such complex requirements which could be attempted by integrating
single QDs and superconducting nanowire single photon detectors coupled by the waveguide on the
same silicon chip.

6.3. Conclusion

The integration of quantum emitters in silicon chip is necessary for both scalability and to further
improve their optical properties by means of coupling to nanophotonic devices. As such, this chapter
explored the possibility of positioning single InP/ZnSeQDs on pre-determined positions using electron
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beam lithography. While the method attempted was deterministic by defining the hole pattern, the net
result achieved was a ‘probabilistic’ 30% accuracy. This lower value is attributed to the combination
of both monolayer voids and the residue of QDs after liftoff process. In addition, the differences in
the sizes of single QDs from one another further cause either void (too big) or multiple QDs (too
small) in the pre-defined positions. Further, single QDs are embedded in a silicon nitride host matrix
that not only protects the QDs from environment but also acts as a waveguide. While the collection
efficiency currently limits the demonstration of single photon emission with high purity in such a
device structure, there are greater prospects to further improve the design which are also discussed in
this chapter.
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Synopsis

This chapter answers the title question of this dissertation by providing a summary of main res-
ults from each chapters. These summaries address the key inhibiting factors in using colloidal
QDs for quantum photonics introduced in section 1.4.2. A factual comparison with other solid
state single photon sources and the differences in exciton properties of colloidal QDs to that of
epitaxial QDs are provided. An outlook for using colloidal QDs as single photon sources and
their exciton properties are also discussed.
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7.1. Recap

7.1.1. Summary

To answer the title of this dissertation “Are the excitons in colloidal InP quantum dots suitable for
quantum photonics?”, a brief description of motivation of this dissertation & available technologies
for a single photon source are recapped. This is followed by a summary of main results from each
chapters addressing the key inhibiting factors in using colloidal QDs for quantum photonics, intro-
duced in section 1.4.2.

Motivation: With wave-particle duality and the quantization of light, the first quantum revolution
enabled the advent of modern devices from transistors to lasers. Now we are on the verge of a second
quantum revolution with devices that are able to generate, manipulate and measure the quantum
states of light.1 Quantized electromagnetic field consists of discrete particles known as photons and
a single photon is one such quantum state of light. Single photon sources form an integral part in
realizing quantum technological applications such as quantum computing,2 quantum cryptography,3–5
quantum simulation6–8 and quantum metrology.9, 10

Technology: Single photon sources are either based on nonlinear frequency conversion or on the
spontaneous emission of single quantum emitters.11 Spontaneous parametric down-conversion sources
belonging to the former set the benchmark for single-photon technology but they are probablistic in
nature, not scalable and have lower brightness.12 Solid state sources belonging to the latter have an
on-demand emission and takes advantage of their host matrix system for scalability. These include
color centers or defects in crystalline hosts,13–15 carbon nanotubes,16 transition metal dichalcogen-
ides,17 epitaxial QDs18–20 and colloidal QDs.21–24

Colloidal QDs: Main advantages are economical synthesis, versatile synthesis protocols allow to
easily prepare complex heterostructures and room temperature operation. The fundamental optical
properties of excitons in colloidal InP QDs addressing the key inhibiting factors for quantum photonics
are described below:

• Bleaching & Blinking: As discussed in Chapter 2 under optical excitation at room temperature,
thiol-capped single InP/ZnSe QDs show a combination of narrow room-temperature emission
spectrum (average of 19.4 nm), pure single photon emission (g(2)(0) ≈ 0) under both CW and
pulsed excitation, mono-exponential luminescence decay (average of 22.5 ns), reduced blink-
ing (99% on-time), and photostability. Furthermore, strong antibunching is preserved even at
saturating intensities which is attributed to fast non-radiative Auger recombination of multi-
excitons. While the single QDs are efficient single photon emitters, the longer lifetime limits
the rate of single photon operation to around 10 MhZ. A resonant excitation of QD coupled to
a cavity structure could enhance the spontaneous emission rate and reduce the timing jitter.25

• Fine structure: As discussed in Chapter 3, electronic structure of InP/ZnSe QDs exhibit quasi-
isotropic band-edge exciton fine structure with the main contribution from electron-hole ex-
change interaction and negligible contribution of shape anisotropy. The presence of exciton-
manifold with the dark exciton below the bright exciton is not favorable for quantum photonics
as this causes additional prolongation of the lifetime.

• Dephasing: Chapter 4 describes the effect of this deviation from an ideal two-level system to
exciton-manifolds influencing the dephasing of the optical transition which is dominated by
phonon-scattering within the bright exciton fine structure with a 0 K dephasing rate of 0.0346 ±
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0.0004ps-1. T2/2T1 ≈ 0.001 at 5K for this QD is not favorable for indistinguishability that ideally
requires a unity relation with a naturally broadened Fourier transform limited linewidth. While
a slower spin-flip from bright-to-dark exciton state is predicted for this QD, a further detailed
study using a magnetic field dependence would be required for validation. In addition, future
synthetic protocols could be attempted to engineer the structures with an aim of prolonging the
dephasing time.

• Spectral diffusion or jitter or wandering: Chapter 5 discussed the polarizability of exciton, biex-
citon and trion by correlating their level of spectral shifts due to quantum confined stark effect
(QCSE). It is observed that the QCSE is minimized in trion-to-carrier and biexciton-to-exciton
transitions compared to neutral exciton. Using InP/ZnSe QDs as an optimized system to min-
imize SD, a theoretical understanding of the structural conditions that determine the magnitude
of QCSE in core-shell QDs was provided. As such, it was reported that minimal spectral diffu-
sion can be expected for strongly confined cores (large band-offset, moderately small core) and
multi-excitonic species. A trion emission from a single QD would be a good single photon emit-
ter considering the minimal spectral diffusion and absence of fine structure. However, a stable
trion emission is needed rather than a random switching transition which could be achieved by
versatile synthesis procedures similar to alloyed CdSe QDs.26

• Non-deterministic integrated source: Chapter 6 discussed the initial investigations of integrating
single QDs on a silicon nitride photonic platform, with the aim of making a practical single-
photon source. A deterministic positioning of single InP/ZnSe QDs from solution phase to sil-
icon chip is attempted using eletcron-beam lithography, but only with a result of a ‘probabilistic’
30% accuracy. This lower value is attributed to the combination of both monolayer voids and the
residue of QDs after liftoff process. In addition, the differences in the sizes of single QDs from
one another further cause either void (too big) or multiple QDs (too small) in the pre-defined
positions. A proper study on the surface chemistry of the QD under study is also necessary
to find the role of ligands during the LB deposition. While the collection efficiency currently
limits the demonstration of single photon emission with high purity from a single QD embed-
ded in Si3N4 waveguide, there are greater prospects to further improve the design which were
also discussed in this chapter. The suitability of this QD for electrical excitation is beyond the
scope of this dissertation as it only addresses the fundamental exciton properties under optical
excitation.

7.1.2. Comparison with other single photon sources

A recent review article on solid state single photon emitters omitted colloidal QD to be included as a
promising material citing the reason of “unstable optical emission”.27 Though the reasoning behind
this statement was not explained in detail, it can be inferred that colloidal QDs bleach, blink and
charge trapping at interfaces and in the local environment typically occurs closer to the exciton in
QDs (due to their small size and often amorphous environment such as organic polymers) increasing
the corresponding spectral shifts. Nevertheless, this dissertation discussed the fundamental exciton
properties in colloidal InP QDs to be used as single photon sources. Figure 7.1 shows the table from
the same review article27 summarizing the important photophysical properties in solid state single
photon emitters. The results from this dissertation are also added in the bottom of the table for factual
comparison to the state-of-the-art solid state single photon emitters.
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Figure 7.1. | Comparison of photophysical properties of solid state single photon emitters. This figure
is adapted from the reference,27 a review article on the solid state single photon emitters. The data for colloidal
QDs from this dissertation are added in the bottom of the table. Literature for integrating single and ensemble
of colloidal QDs with cavity structures can be found in the references:28–33

Differences with epitaxial QDs

The first single photon emission for both colloidal & epitaxial QDs was demonstrated in the same year
2000.34, 35 While epitaxial QDs have progressed well in technology,11 the progress of colloidal QDs
remains stalled.27 See section 1.3.3 for a list of key progresses achieved in case of epitaxial QDs as
single photon sources.

The differences in the excitonic behavior in epitaxial QDs and colloidal QDs are due to the smaller
dimensionality and a stronger quantum confinement in the latter. Hence the bright-dark splitting is
larger (several meV) in colloidal QDs compared to few tens-hundreds of µeV in epitaxial QDs. This
leads to a larger stokes shift in colloidal QDs. These larger bright-dark splitting energies are more than
the thermal energies at cryogenic temperatures under measurement. One way of understanding this
phenomenon is that the input excitation is absorbed by the bright exciton, but the resulting PL decay
is through dark exciton which usually is longer in terms of several hundred nanoseconds.36

It is possible to synthesize colloidal NCs with targeted dimensions like nanoplatelets and 2D-materials.
The dephasing time in nanoplatelets is limited only by the natural radiative lifetime (1 ps) since they
have larger in-plane coherence area compared to spherical QDs.37 However, single photon emission
has not been reported in these NCs as they are not quasi-two level emitter. These NCs are efficient
multiple exciton emitter and thus a spectral post selection may be attempted to isolate the biexciton
emission, for instance, to be used as entangled photon sources.

Epitaxially grown QDs have a continuation of the crystal structure that minimizes charge carrier trap-
ping at the QD interface/surface compared to colloidal QDs.38 Importantly, the epitaxial QDs suitable
for quantum photonic applications are devised for operations at cryogenic temperatures where the
ZPL contribution is higher than at room temperature. They are already integrated to cavity structures
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such that their spontaneous emission rate is higher and, further, it was reported that the phonon in-
duced decoherence can be controlled in QDs embedded in cavity structures.39 A resonant excitation
of QD coupled to a cavity structure was shown to be having an enhanced spontaneous emission rate,
a reduction in timing jitter and a higher degree of photon indistinguishability.25, 40, 41

Indistinguishability on epitaxial QDs have been reported by checking the emission of the same QD
with a delay to check any differences in the subsequent emissions.27 In order to use these inhomogen-
eously broadened materials for quantum information processing, it is required to have multiple QDs
emitting identical single photon wavepackets. The stream of single photon pulses are ideally required
to be Fourier transform limited. This means both the spatial and temporal overlaps of their wavepack-
ets should be identical in terms of emission frequency, pulse-width, spectral bandwidth, polarization,
transverse mode profile and arrival time at the beam splitter.42 In epitaxial QDs, external factors are
used to tune the optical properties such as: emission frequency tuning,43–47 electronic structure tuning
(for instance, making the light hole come higher than the heavy hole which is promising for quantum
technological applications,48) and to achieve zero splitting of bright exciton or to have splitting less
than their radiative linewidth for entangled photon sources.49–53 While spherical NCs experience a
uniform stress on them by growing a shell around it, this can be checked in other dimensional NCs
if the stress and strain induced on the surface of the core can indeed be utilized to tune their optical
properties.

Other NCs of interest are colloidal lead halide perovskite quantum dots that are shown to be exhibiting
minimal spectral diffusion and longer exciton coherence with T2/2T1 ≈ 0.2.54 Of course, as described
in Chapter 6, the integration of NCs to nanophotonic devices in silicon chip is necessary for both
scalability and to improve their optical properties.

7.2. Outlook

7.2.1. Criteria for colloidal QDs to be used as single photon sources

From the literature overview of performances of colloidal QDs and the spectroscopy of single InP/ZnSe
QDs studied here, criteria for colloidal QDs to be used as single photon sources can be devised:

• For artificial atoms like QD to be a good single photon source, it needs to be operating as a
two-level system for a spontaneous emission of single photon from a single exciton state. A
type I structure in QDs has a stronger confinement and thus produces discrete exciton levels
similar to atomic or molecular levels acting as a quasi-two level system. But a large number of
optically active electrons could give rise to complex features as multi-exciton states. However,
the charge carriers relax back to the first excited state rapidly such that no emission from these
higher excited states can be detected and also Auger process in QDs quenches the radiative
recombination of the multiple excitons.

• This Auger process was also considered to be one of the causes of blinking phenomenon in
QDs.55 While this Auger process was shown to be suppressed by the versatile synthesis of CdSe
QDs in an attempt to reduce the blinking, this also enhanced the multiple exciton recombina-
tion especially at higher excitation intensities. So blinking needs to be controlled with better
photostability, but importantly not compromising the single photon purity at higher excitation
intensities. At higher fluence, the effective two level system is sufficiently populated which can
trigger the spontaneous emission of a single photon with a probability equal to the PLQY.
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• Single photon operation needs to be demonstrated under pulsed laser excitation so that it can
be used as single photon turnstile devices. Since the colloidal QDs have a typical lifetime in
ns range, the maximum repetition rate of pulsed excitation that can be used is around 10 MhZ.
An enhancement in the spontaneous emission rate is critical for higher rate operation and this
could be achieved by integrating QDs in a nanophotonic structure (with a resonant excitation).

• A mechanism to efficiently extract the emission from deterministically positioned integrated
source would be required to calculate the brightness factor to compare with state-of-the-art
single photon emitters. Devices can be designed to improve the out-coupling of emission via
waveguide/nanofibers/grating couplers to the objective microscope. An on-chip detection of the
single photon emission would mitigate such complex requirements which could be attempted
by integrating single QDs and superconducting nanowire single photon detectors coupled by
the waveguide on the same silicon chip. Even if the on-chip single photon emission is achieved
successfully in such a structure, then the following stepwould be to tune the emission ofmultiple
QDs to align emission peak energies for indistinguishability.

While indistinguishable photons are obligatory for a quantum information processing applic-
ations such as qubits, it is not necessary for quantum cryptography like random number gen-
erator which only requires a high pure single photon emission at room temperature. Colloidal
QDs could be suitable for this application except that the emission needs to be stable and free
from blinking.

7.2.2. Exciton properties for quantum photonics

Exciton fine structure & dephasing

As discussed in Chapter 3, the lowest exciton state is not an ideal two level but a manifold of exciton
levels attributed to exchange interaction andminor anisotropy. As discussed in Chapter 4, the presence
of these exciton-manifolds in colloidal QDs influence the exciton dephasing rate to be much faster
than the natural radiative rate, which is undesirable for producing indistinguishable photons. Since it
was observed that the phonon induced decoherence is reduced in cavity structures,39 it is imperative
to integrate colloidal QDs with nanophotonic devices to improve their optical properties. Further, a
modification in the synthesis to tune the fine structure would be required to prolong the dephasing
time.56

Spectral diffusion

Chapter 5 discussed the energy shifts of different excitonic species due to QCSE and structural con-
ditions to minimize SD. From these results, future synthetic protocols could aim engineering the QD
structure for required applications. The reduced SD due to QCSE in multiple exciton species makes
them interesting for quantum photonic applications. In addition to the reduced SD, a trion emission
has no exchange interaction induced fine structure splitting with emission only from the bright state
and thus could be used as single photon sources having higher emissive rate and also for spintronics.
However, a stable trion emission is needed rather than a random switching transition which could be
achieved by versatile synthesis procedures similar to alloyed CdSe QDs.26 XX-X radiative cascade
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with a narrow linewidth, shorter lifetime and reduced SD (see section 5.2.2) could be useful for en-
tangled photon sources if the fine structure splitting is reduced to zero and the emission is linearly
polarized.57 While InP/ZnSe QDs have nearly isotropic bright exciton fine structure as described in
Chapter 3, this QD has a lower biexciton quantum yield,58 the minor anisotropy resulting from z-axis
anisotropy emits a circularly polarized light59 and there is a presence of dark exciton separated by 5-10
meV from bright exciton.60 So a modification in the synthesis to have improved biexciton quantum
yield with elongated structures would be necessary for such applications, though an external stimulus
might be additionally required to tune the fine structure splitting to zero in such a case.

The influence of electric field in changing the emission wavelength of QDs could be utilized as a
frequency tuning mechanism to align the peak emission of multiple QDs to have the same value. For
indistinguishability, currently the latest trend from the established materials like epitaxial QDs is to
tune the emission frequency of QDs by means of electric field, piezoelectric, stress and strain.47 Also,
the stark tuning mechanism can also be used to control QD emissions in cavity structures.38

While SD affects the usage of colloidal QDs as indistinguishable photons at cryogenic temperatures as
described in Chapter 5, the sensitivity of the excitonic emission to the charge fluctuations of the NCs
can well be utilized for other applications. For instance, as a charge sensor, electro-optical modulat-
ors, cell tracking and laser absorption spectroscopy. Other than quantum photonics requiring minimal
SD, it is shown that larger QCSE and SD enhances the phonon coupling (see section 5.2.1). For ex-
ample, one could attempt charge doping or introduce polar shell to have more phonon coupling for
applications like charge transport devices and superconductivity.

Polydispersity

NCs with different sizes and shapes in both cores and/or shells may have variations in the biexciton
lifetime & therefore the single photon emission purity could be depended on the wavefunction over-
lap.61 Also, NCs of different shapes like dot-in-rods with small core and thick shells was shown to be
having a reduced fine structure splitting.62 As discussed in section 5.4, QDs having smaller band-offset
increases the polarizability of the wavefunctions. This indicates a variation in the optical properties
of QDs owing to their size/shape differences.

As discussed in section 6.2.1, electron-beam lithography is used to devise a uniform pattern to place
the single QDs. A proper monolayer of colloidal QDs is required for higher probability of placing
single QDs on the predetermined position. If there is a larger degree of polydispersity in a sample,
then the probability of placing the QDs would be low. This can be checked by using QDs made of
SILAR method where shell layers are added successively thus having better control over their shell
growth. A size-selective precipitation could also be quite effective, and, if necessary, density-gradient
ultracentrifugation could be used as well.63 Larger sized particles could have an increased accuracy
of placing single QDs in the predetermined position using electron-beam lithography. For instance,
growing a silica shell around the QD to increase their overall size could be attempted for single QD
patterning.

7.2.3. Perspectives on integrated single photon sources

The exciton properties in QDs need to be well understood before going for integration of single QDs
in silicon chip where one expects a different environment a single QD might encounter during the
transition from a solution phase surrounded by ligands. In this dissertation, single InP/ZnSe QDs are
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shown to be an efficient single photon emitter by studying their optical properties at room temper-
ature. Deterministic deposition of single QDs from solution-phase onto a silicon chip is attempted in
Chapter 6 with a net result of only 30% accuracy. Currently, the emission collection efficiency from a
single QD embedded in a Si3N4 waveguide is limited by both the design of the structure and the back-
ground fluorescence. Finite-difference time-domain (FDTD) simulations predicted that a suspended
Si3N4 waveguide structure provides a better light confinement of the guided modes and improves the
coupling to the emitter.64 Therefore, it is proposed to integrate single InP/ZnSe QDs in such a sus-
pended waveguide structure. The light out-coupling also needs to be improved. Currently the emitted
photons are collected vertically by using an objective microscope with high numerical aperture. A
grating coupler can improve the coupling between a suspended Si3N4 waveguide and a microscopy
system.65 In addition to the grating coupler, a distributed Bragg layer on top of the substrate rather
than a mirror as reflector to direct the emission to the guided mode can be effective. Next to the
out-coupling, the effect of the Si3N4 thickness on the waveguiding properties needs to be understood.
Probing the differences in the collected emission intensity from a waveguide embedded single QD
with progressively increased thickness could be used to find the optimum condition.

To achieve the elusive integrated quantum photonic chip, a solution is proposed where the single
photon source based on InP colloidal QDs form the light emitting material, Si3N4 form the light guid-
ing material and a superconducting nanowire single photon detectors (SNSPDs) form the light de-
tecting material. A light modulating functionality could be an another active material depending on
the required functionality. From the available library of materials in UGent, suitable visible and near-
infrared QDs are selected by studying their optical properties before and after the integration in the
chip. After integration, it was found that CdSe/CdS/ZnS QDs preserve their fluorescence intensity
better than CdSe/CdS QDs, possibly due to an improved protection from the ambient atmosphere by
using multiple layered shell. However, this QD is not a good single photon emitter due to enhanced
multiple exciton recombination rate. While CdSe-based QDs were used to study the optimum condi-
tions for integration of both QDs and SNSPD in the same silicon chip, the final implementation could
be done using InP/ZnSe QDs for the demonstration of on-chip single photon emission.

Though the InP/ZnSe core/shell QDs studied in this dissertation are in visible emitting wavelength
ranges, the results could be extended to near-infrared by the versatility of synthesis in III-V materials.
For quantum cryptography, an infrared operation at room temperature would be required for practical
purposes to match the telecommunication wavelengths. Also, the detector efficiency in SNSPD is
higher in infrared wavelength ranges.

While the quantum territory is gargantuan to be covered in its entirety and the photophysical mechanism
behind the exciton properties differ from onematerial to another, this dissertation limits itself in explaining
the mechanisms behind the ‘behavior’ of colloidal InP QDs that could be used as a model system to emulate
for other types of colloidal QDs as well to be ultimately used for quantum photonics.
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C. Optical spectroscopy set-up layout 145

C. Optical spectroscopy set-up layout

C.1. Micro-photoluminescence

Setup 1 for room temperature spectroscopy

Figure 1. | Layout of the micro-PL set-up.

Thin films and single QDs were studied using a micro-photoluminescence setup. The excitation beam
at 445 nm was produced by a PicoQuant LDH-D-C-440M laser diode. The laser diode operates in
either cw or pulsed mode (in which case it produces short pulses of less than 100 ps). The excitation
beam was focused on the sample using an Olympus oil-immersion objective lens (100x, 1.40 NA) and
shaped using a digital micro-mirror device (Texas Instrument, 0.55” XGA 2x LVDS DMD) to allow
custom excitation patterns (e.g. exciting a single diffraction-limited spot or the entire field of view).
The luminescence was collected through the same objective lens and directed either to an imaging
spectrometer (Andor Shamrock 330i) equipped with an EMCCD camera (Andor iXon DU897) or to
an Hanbury-Brown Twiss setup. The imaging spectrometer was used to image the surface of the
sample and record the emission spectra of single QDs. The Hanbury-Brown Twiss setup consisted of a
50/50 beam-splitter, two silicon photon-counting modules (Perkin Elmer SPCM-AQRH-14) with a time
resolution of about 500 ps, and start-stop time correlator (PicoQuant, PicoHarp 300). The Hanbury-
Brown Twiss setup was used to measure the luminescence decay, the g(2)-function and the blinking
statistics of single QDs.
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Setup 2 for cryogenic spectroscopy

Figure 2. | Layout of the micro-PL optical set-up. MO: microscope objective; BS: 96:4 beam splitter; PBS:
pellicle beam splitter; L: lens; I:iris; PH: pinhole; RM: removable mirror; PDi: polarisation displacer; R-S: real-
space.

Thesamplewasmounted on to a brass sample holder inside a low vibration closed cycle optical cryostat
(Montana Instruments Cryostation C2). An 0.85NA objective is mounted on the cold-shield inside the
cryostat at a temperature of 20 – 40 K allowing for a stable focal position and negligible radiation
heating. The position of the sample was adjusted by a piezo-electric positioner (Attocube) inside the
cryostat with 0.1 µm resolution and 5 mm of travel in three dimensions. QDs were excited at either
473nm or 532nm with a continuous wave (CW) laser. QD emission is passed through a half-waveplate
(λ/2) which is rotated by an angle θ to adjust the direction of the two detected orthogonal linear
polarization components. An intermediate pinhole is used to select the region of emission, which
is imaged into the input slit of an imaging spectrometer with 1.9 m focal length and a 1200 l/mm
holographic grating. A polarization displacer splits the emission along the input slit into components
polarized along and across the input slit, which is subsequently detected by a CCD camera with a
spectral window of 34meV at a resolution of 25 µeV per pixel. All measurements are done at 5K.
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C.2. Transient absorption

Figure 3. | Layout of the TAS set-up.

To investigate the quantum yield for biexcitons, an ultrafast pump-probe experiment on InP/ZnSe QD
was performed. Samples were dispersed in toluene to achieve an optical density of 0.05 at the first
exciton peak and were stirred during the measurements to avoid photocharging. QDs were photo-
excited at 400 nm using the frequency double output of a 110 fs Ti:S laser created from the 800 nm
fundamental source (Spitfire Ace, Spectra Physics) through non-linear conversion in an optical para-
metric amplifier (OPA) (Light Conversion TOPAS). Then the decay of the band edge population was
monitored using a broadband, time-delayed probe pulse (110 fs) generated in a CaF2 crystal. In this
set-up, the pulses can be delayed relative to the pump using a delay stage with a maximum delay of 6
ns and the probe spectrum can cover the UV-VIS window from 350 nm up to 750 nm.



148 Appendices

C.3. Fluorescence line narrowing

Figure 4. | Layout of the FLN set-up. SP: Small spectrograph to clean the laser line; P: Linear polarizer; BC:
Babinet-Soleil compensators; BS:beam splitter; LQ: Lambda-quarter wave plate; IL: Imaging lens;

FLN experiments at low temperatures were performed at the High Field Magnet Laboratory (Radboud
University, Nijmegen, The Netherlands). For these experiments, QD films dropcast on crystalline sil-
icon substrate were used, which were mounted in a titanium sample holder on top of a three-axis
piezo-positioner. The FLN measurements were performed in a Faraday configuration (see Figure ⁇b)
using a spectrally narrow excitation source, achieved by using a tunable jet-stream dye (Rhodamine
6G) laser. This monochromatic laser beam was circularly polarized by means of a linear polarizer and
a Babinet-Soleil compensator. The laser beamwas focused on the sample by a singlet lens (10 mm focal
length). The same lenswas used to collect the PL emission and direct it to the detection setup (backscat-
tering geometry). The samples and optical probe were mounted inside a liquid-helium bath cryostat.
The high-resolution FLN emission was detected in crossed polarization mode relative to the laser po-
larization by using a linear polarizer and a lambda-quarter wave plate. The resonant-PL emission was
analyzed by a 0.5 m long triple-grating spectrometer (3×1800 grooves/mm holographic gratings) in
subtractive mode, equipped with a liquid nitrogen cooled CCD camera (Symphony-Horiba).
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C.4. Four wave mixing
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Figure 5. | Layout of the transient FWM optical set-up. BE: beam expander; CBS: cube beam splitter;
AOM: acousto-optic modulator; QWP: quarter waveplate; HWP: half waveplate; DL: delay line; M:mirror; PD:
photodiode; AMp: amplifier; PH: pinhole; L: lens; P: polariser; LIA: lock-in amplifier.

The train of pulses is generated by a titanium-sapphire (Ti:Sa) laser pumped by an intracavity fre-
quency doubled neodymium-doped yttrium aluminum garnet (Nd:YAG) laser pumped by a semicon-
ductor diode laser. The pulses have an intensity FWHM of 150 fs, and a repetition rate of 76 MHz,
corresponding to a time separation between consecutive pulses of about 13 ns. Two cube beam split-
ters (CBS1) and (CBS2) are used to generate three trains of pulses, two pumps and probe beams, which
are passed through the corresponding acousto-optic modulators (AOMs). The beam expander (BE) is
used to reduce the size of the input beam to match the AOM aperture. The effect of the AOM is to
deflect a fraction of the input beam by Bragg diffraction, with frequency shift Ωi and an amplitude
given by the carrier frequency and the amplitude of the electrical drive respectively. The deflected
beams are passed through BEs which are used to adjust the beams divergence and size, and they are
called P1, P2 and P3 in the following, which are pump one, pump two and the probe respectively, with
the corresponding optical frequencies upshifted by Ω1, Ω2 and Ω3, respectively. The polarisation of
P1 and P2 is adjusted with combinations of quarter waveplate (QWP) and half waveplate (HWP). P3
is horizontally linearly polarised after the CBS4, and can be converted to circular polarisation by ro-
tating the QWP in front of L1. P2 is delayed by τ12 with respect to P1 using a delay line (DL) made
of a linear stage and a retro-reflector. After recombining at the CBS3, both P1 and P2 are delayed by
τ13 with respect to P3 using a second delay line. Pumps and probe finally recombine at CBS4 and are
then focused by the lens L1 on the sample plane. The sample is mounted into a cold finger helium flow



150 Appendices

cryostat, which allows cooling down to 4 K. The transmitted field is imaged by L2 onto the pinhole
PH2, which is used to block spurious reflections. L3 collimates the beam, and another QWP converts
the circular polarisation back to linear. The undeflected part of P3 is used as a reference field for the
employed heterodyne detection scheme. This is delayed by τr with respect to the FWM signal using
the corresponding delay line. The FWM and reference fields recombine and interfere at the CBS5. The
two output beams are then projected onto horizontal polarisation by polarisers (P), and detected by
photodiodes (PD).
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