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Nederlandstalige samenvatting

– Summary in Dutch –

Zoals de titel aanwijst, behandelen we in dit doctoraal onderzoek de op-

tische eigenschappen vancollöıdale ’quantum dots’voor geı̈ntegreerde

silicium-fotonica. Fotonica, of de studie van licht (fotonen ) op de

micro- en nanoschaal, speelt een belangrijke rol in de wereldwijde telecom-

municatie. Optische vezels – werkpaard van het internet – hebben een

potentieel om een gigantische hoeveelheid informatie met een grote band-

breedte te transporteren in de vorm van fotonpaketten. Dezecapaciteit

is echter momenteel beperkt door de componenten die de informatie

verzenden, ontvangen en verwerken aan beide vezeleinden. Om suc-

cesvol te zijn, moeten deze systemen naast snelheid, meerdere function-

aliteiten voorzien binnen een compacte grootte. Om deze doelstelling

van miniaturizatie en performantie te bekomen, zijn on-chip-lage-kost-

platformen vereist.

In deze context, bieden geı̈ntegreerde fotonische schakelingen (PICs)

op basis van silicium – onderzoeksgebied gekend als silicium-fotonica

– uitgebreide mogelijkheden. Deze componenten zijn gebouwd op een

silicium-op-isolator (SOI) platform, hetgeen toelaat datlicht geleid wordt

door het hoge brekingsindexcontrast tussen het silicium ensiliciumdiox-

ide. Dit hoge brekingsindexcontrast resulteert in een hogeopsluiting

van het licht en laat toe om zeer compacte golfgeleiders te produceren

met een hoge dichtheid per eenheidsoppervlakte. Bijgevolg, kunnen we

fotonische schakelingen bouwen, die dicht-geı̈ntegreerden zeer func-

tioneel zijn.

Behalve compactheid, worden SOI-componenten gemaakt met dezelfde
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productietechnologie voor elektronische schakelingen(CMOS), die een

revolutie teweegbrachten gedurende de afgelopen decennia, en dus heeft

silicium-fotonica het potentieel om de infrastructuur vande CMOS-

fabrikage tenvolle te benutten. Deze drijfkracht laat toe dat silicium-

fotonica kosteneffectief wordt met betrekking tot materialen, compo-

nenten en energieverbruik. Silicium gebaseerde materialen hebben echter

het nadeel dat ze moeilijk licht kunnen genereren nodig vooractieve

componenten (lasers, LEDs, ...). Verder vertonen deze lageniet-lineaire

optische eigenschappen, die nodig zijn voor optische signaalverwerk-

ing (routers, interconnects, ...). In dit opzicht, worden nieuwe manieren

ontwikkelt om actieve en (passieve) niet-lineaire optische materialen te

integreren met silicium en staan bekend als hybride technologieën. Een

veelbelovende kandidaat onder die hybride technologieënzijn colloı̈dale

’quantum dots’ (QDs) geı̈ntegreerd op SOI.

Colloı̈dale halfgeleider ’quantum dots’ of nanokristallen zijn een nieuwe

klasse van mterialen, waarvan de fysische en materiaaleigenschappen

sterk afhangen van hun grootte (2-20 nm), vorm, oppervlak ende kristal-

structuur. Een belangrijke voordeel van QDs is hun flexibiliteit. De

elektro-optische eigenschappen kunnen aangepast worden aan de toepass-

ing - passief of actief - en integratie in SOI maakt gebruik van een-

voudige, natte technieken die grotendeels substraatonafhankelijk zijn.

Daartegenover staat dat de technologie in zijn kinderschoenen staat. Al-

hoewel het potentieel van de techniek is aangetoond, is er opdit mo-

ment geen standaard materiaalsysteem voor de deklagen en moeten er

nog vele hinderpalen overwonnen worden om de stap van materialen

naar componenten te vergemakkelijken.

In deze samenvatting geven we een overzicht van de belangrijkste re-

sultaten in de volgende onderzoeksgebieden : QD-fabrikage(synthese),

optische eigenschappen van QDs, integratie van QDs met het SOI-platform

en QD-fotonische toepassingen.
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Colloı̈dale quantum dot synthese

Colloı̈dale ’quantum dots’ zijn gesynthethiseerd op basisvan natte chemis-

che procedures, waarbij specifiek de hete-injectie aanpak leidt to zeer

monodisperse suspensies van nanokristallen. Deze procedure baseert

zich op het gebruik van precursoren en liganden om de nucleatie en

groei van nanokristallen te controleren en de resulterendesuspensies

te stabiliseren door sterische hindering. Sinds de introductie in 1993

voor de synthese van cadmium-chalcogenide nankristallen (CdS, CdSe

en CdTe QDs), is de hete-injectie methode een gevestigde procedure

geworden, die wijdverspreid gebruikt wordt.

In dit proefschrift, synthetiseren we colloı̈dale ’quantum dots’ aangepast

voor toepassingen in de niet-lineaire optica in combinatiemet het fo-

tonische silicium-op-isolator platform,i.e., in het golflengtegebied 1300-

1600 nm. Dit betrekt materialen zoals PbS en PbS/CdS QDs – waar-

bij de bandgaptransitie afgestemd wordt op de fotonenergie– of CdTe

QDs – waar de fotonenergie overeenstemt met de helft van de bandgap-

energie.

In deze context, maken we CdTe QDs met diameters, die variëren van 3

tot 11 nm, gebruikmakend van de hete-injectie methode. De bandgap

is afstembaar tussen 500 nm en 760 nm of 1.6 en 2.48 eV. De grote

nanokristallen (7-11 nm) verkrijgen we door gebruik te maken van de

continue injectie van precursoren bij een gecontroleerde reactietijd, om

zo Ostwaldrijpening te mijden. Dankzij deze inspanningen construeren

we de ’sizing curve’ van de CdTe QDs door een combinatie van UV-vis-

absorptiespectroscopie en TEM-beeldvorming. Bovendien,synthetis-

eren we PbS kern PbS/CdS kern/schil QDs gebruikmakend van dehete-

injectie methode. We verkijgen nanokristaldiameters van 2.5 t.e.m. 7.5 nm

met absorptiepieken in het gebied 800-200 nm of 0.62-1.5 eV.

Optische eigenschappen van QDs

We analyseren de absorptiecoëfficiënt van CdTe QDs door combinatie

van UV-vis-absorptiespectroscopie en elementen-analyse. Bij een korte
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golflengte van 410 nm, vertoont de intrinsieke absorptieco¨efficiënt geen

kwantumopsluitings-effecten en de verkregen waarden zijnin goede

overeenstemming met de bulkwaarde van CdTe. Het gemiddeldevan

deze waarden kan gebruikt worden als een betrouwbare standaard voor

de concentratiebepaling van CdTe nanokristallen. Rond de bandgap-

transitie vinden we geı̈ntegreerde absorptiecoëfficiënten die omgekeerd

evenredig schalen met het volume van de QDs. Bovendien tonendeze

data aan dat er een afwijking is die oploopt tot een factor 3 vergeleken

met waarden die wijdverspreid gebruikt worden in de literatuur.

We bepalen de intrinsieke absorptiecoëfficiënt van CdSe/CdS kern/schil

en CdSe/CdSexS1−x/CdS kern/legering/schil QDs. Gebruikmakend van

Maxwell-Garnett theorie en een legeringsmodel, die de diffusie beschouwt

tussen de Se- en S-atomen, respectievelijk bij de binnensteCdSe - en

buitenste CdS-schil tonen we aan dat de intrinsieke absorptiecoëfficiënt

van CdSe/CdS kern/schil QDs gebruikt kan worden voor CdSe/CdSexS1−x/CdS

kern/legering/schil QDs met een berekeningsfout die binnenin 5% ligt.

We bestuderen de niet-lineaire eigenschappen van PbS QD-suspensies

i.f.v. de golflengte, optische intensiteit en QD-volumefractie gebruik-

makend van de Z-scan methode met picoseconde pulsen. Vertekkende

van de opbouwtijd van het karakeristieke temperatuursprofiel tc, mod-

uleren we het repetitietempo van de laser en sluiten we thermische lensvorm-

ing uit om direct de elektronische bijdrage te meten tot de niet-lineaire

brekingsindexn2. Deze is onafhankelijk van de intensiteit en volgt

het absorptiespectrum van de QDs. Het prestatiegetal is groter dan 1

voor PbS QDs en is vergelijkbaar met PbSe QDs en lood-chalcogenide

glazen. We beargumenteren dat de creatie van excitonen en deresul-

terende fotogeı̈nduceerde absorptie in de PbS QDs aan de oorsprong

liggen van de waargenomenn2 en de niet-lineaire absorptiecoëfficiënt

(β). Gebruikmakend van de transiënte Four-Wave-Mixing-techniek (FWM)

met 150 fs pulsen tonen we aan dat bij lage excitatie-intensiteiten de

dynamica gedomineerd is door single-exciton-thermalisatie (ns) en re-

combinatie (µs). Bij hogere intensiteiten resulteert het FWM-signaal in

een 100 ps respons. Dit toont aan dat colloı̈dale PbS QDs efficiënte en
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snelle niet-lineaire materialen zijn. Dit werk is geleverdin samenwerk-

ing met de OPERA-group van de ULB te Brussel en ’School of Physics

and Astronomy’, Cardiff Universiteit.

Hybride golfgeleiders gefunctionalizeerd met QDs

We bestuderen lichtabsorptie in geplanariseerde SOI golfgeleiders (PWGs)

gefunctionaliseerd met een deklaag van PbS/CdS QD mono- en multila-

gen (Fig.5.5). We kunnen de experimentele absorptiecoëfficiëntenαQD

simuleren gebruikmakend van een aanpak waarbij de QD-laag vervan-

gen wordt door een effectieve medium met een effective diëlektrische

functie bepaald door dipoolkoppeling tussen naburende QDs. Deze aan-

pak laat de diëlekrische constante van de omgeving (host)εh alleen

als de enige verstelbare parameter en biedt een generische schema om

de optische eigenschappen te modelleren van composietmaterialen, die

dichtgestapelde films van QDs bevatten. Gebruikmakend vanεh om de

experimentele - en gesimuleerde absorptiecoëfficiëntenovereen te laten

stemmen, vinden we datεh systematisch toeneemt voor dikkere films.

We interpreteren dit als een evolutie vanεh van een extrinsieke eigen-

schap – bepaald door (beiden) de QD-films en de omgevende lagen –

naar een intrinsieke eigenschap van de QD-laag. Voor zover wij weten

is dit de eerste demonstratie van hoeεh – een typische parameter ingevo-

erd in effectieve mediumtheorieën – afhangt van de afmetingen van de

gemodelleerde laag.

Bovendien bestuderen we lichtabsorptie van colloı̈dale PbS/CdS QDs

in SOI-strip-golfgeleiders. Gebruikmakend van de Langmuir-Blodgett-

depositie, worden dichtgestapelde monolagen gevormd op destrip-golfgeleiders.

Door de golfgeleiderabsorbantie te analyseren, tonen we duidelijk de in-

teractie aan van de QDs met de quasi-TE optische mode. We kunnen de

experimentele absorptiecoëfficiënten – te wijten aan de aanwezigheid

van QDs – simuleren gebruikmakend van de diëlektrische constante van

de host bepaald in de QD-bedekte PWGs. Via FDTD-simulaties kunnen

we corrigeren voor mogelijke emissie van QDs in de golfgeleiders, het-

geen verwaarloosbaar blijkt in onze werk. Bijgevolg levertde studie een
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Figure 1: (a) PbS/CdS QD spectrum opgenomen in een verdunde QD-dispersie

in tetracholoroethyleen. (b) Schematische weergave van het optische veld

gekoppeld vanuit de vezel doorheen de grating in de geplanariseerde golfgelei-

der (PWG) bedekt met QDs. (c) SEM-beeld van een (bovenaanzicht) PWG

bedekt door een QD-monolaag. (d) AFM-beeld en dwarsdoorsnede van een

PWG bedekt door een QD-monolaag. Het beeld toont een offset (l) tussen het

bovenoppervlak van de (lichtjes ingedeukte) PWG en de silica omringing.
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complete aanpak van absorptie en eventuele emissie in (strip) golfgelei-

ders.

Quantum dots voor fotonische toepassingen

We demonstreren via simulaties het gebruik van loodzout QDsgeëxci-

teerd rond hun bandgap als een golflengteconvertor in silicium-op-isolator-

golfgeleiders. We introducreren belangrijke concepten omde prestatiege-

tallen voor trage microseconde en snelle picoseconde golflengteconver-

sie. We bereiken prestatiegetalwaarden groter dan 25 en 3 voor de ab-

sorptiebleach en intraband gebaseerde convertor. Snelheden van≈ 5 to

20 GHz zijn mogelijk voor de verschillende telecombanden : O-band

(1274-1346 nm), C-band (1530-1565 nm) en L-band (1565-1625nm).

Door de bandgap van de QDs gepast af te stemmen, kunnen we golflengte-

conversie uitvoeren ofwel binnen de verschillende telecombanden ofwel

van een korte naar een langere golflengteband. Alhoewel de bezettings-

distributie van de QDs verschillend is van Poisson, laat de introductie

van de equivalente Poission-excitatie-grootheid ons toe om gemakke-

lijk het gemiddeld aantal excitonen per QD te bepalen. Dit biedt ons

simpele uitdrukkingen om de stabiliteit van de achtergronden de mod-

ulatie te controleren. Tot slot, besteden we in dit werk aandacht aan de

vooruitzichten nodig voor de verdere optimalisatie van de golflengte-

convertor.

We tonen aan dat een periodische rooster van plasmonische nanorods

een nabije veldresonantie en een verre veld-geı̈nduceerdetransparantie

vertonen bij dezefde fotonenergie en in-het-vlak-momentum. We over-

wegen dat dit contra-intuı̈tief gedrag vele belangrijke functionaliteiten

toelaat (e.g., verhoogde lichtemissie en ’sensing’) die nu uitgevoerd wor-

den door plasmonische EIT-analoge eigenschappen. Maar methet voor-

deel van een collectieve resonantie die ten koste komt van een dichte

veldlokalisatie. We demonstreren experimenteel dit gedrag gebruik-

makend van PbS QDs als lokale veldsensoren. Dit werk is uitgevoerd in

samenwerking met S. Rodriguez van de FOM-instituut AMOLF-TU/e
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Figure 2: (a) Weergave van de dwarsdoorsnede van het gesimuleerde elek-

trisch veld voor 1520 nm licht geleidt door een PWG bedekt meteen monolaag

van QDs. (b) Vergelijking tussen de experimentele en gesimuleerdeαQD ab-

sorbantiespectrum van een QD-bedekte PWG voor twee verschillende combi-

naties vanl andεh.

and ’Philips Research Laboratories’ te Eindhoven.
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Engelstalige samenvatting

– English summary –

As the title signifies, we treat in this doctoral research theoptical prop-

erties of colloidal quantum dotsintegrated on asilicon-on-insulator

platform. Photonics, or the study of light (photons) on a micro and

nanoscale, plays a key role in worldwide telecommunication. Optical

fibers, backbone of internet, have a potential to convey a massive amount

of information in the form of packets of photons at a high bandwidth.

However, this capacity is currently limited by the components process-

ing or receiving the information at both fiber ends. To be succesfull one

needs besides speed, systems that provide a lot of functionalities within

a compact size. To meet this goal of miniaturization and performance

on-chip cost-effective platforms are required.

In this context, using photonic integrated circuits (PICs)based on sili-

con – research field known as silicon photonics – provide extended pos-

sibilities. These components are build on a silicon-on-insulator (SOI)

platform, allowing the light to be guided by the high refractive index

contrast between silicon and silicon dioxide. This high index contrast

results in high confinement of light and permits that one can make ul-

tracompact waveguides with a high density per unit area. Therefore

yielding very dense and high functional photonic integrated circuits.

Apart from the compactness, SOI components are relying on the same

technology used to produce electronic circuits (CMOS), witnessed to

have revolutionized the electronic industry in the last fewdecades, and

therefore silicon photonics has the potential to exploit these CMOS fab-

rication infrastructures. This driving force enables silicon photonics to
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be cost effective with respect to materials, components andenergy con-

sumption. However, silicon based materials have a drawbackthat they

are difficult in generating light for active devices (lasers, LEDs,...). Fur-

thermore, they show low nonlinear optical properties, which are needed

for optical signal processing (routers, interconnects,...). In this respect,

new routes are being developed to integrate active and nonlinear mate-

rials with silicon, known as hybrid technologies to fabricate active and

nonlinear devices. A promising candidate among those hybrid technolo-

gies are colloidal quantum dots (QDs) integrated on SOI.

Colloidal semiconductor quantum dots or nanocrystals are anew class

of materials, whose physical and material properties are strongly de-

pendent on their size (2-20 nm), shape, crystal structure, and surface

characteristics. An important advantage of QDs is their flexibility. The

electro-optical properties can be adjusted to the application - active or

passive - in SOI and integration makes use of simple, wet techniques

that are mainly independent of the substrate. In contrast, this technol-

ogy is not very mature. In spite of its potential, there is no standard

material system for coatings and many obstacles needs to be overcome

to facilitate the step from materials towards devices.

In this summary we will provide an overview of the main results ob-

tained on following research fields: QD-fabrication (synthesis) , optical

properties of colloidal QDs, integration of QDs with the SOIplatform

and QD based photonic applications.

Synthesis

Colloidal quantum dots are synthesized using wet chemical procedures,

where in particular the hot injection approach leads to highly monodis-

perse suspensions of nanocrystals. This procedure relies on precursors

and ligands to control the nucleation and growth of the nanocrystals and

stabilize the resulting suspension by steric hindrance. Since its intro-

duction in 1993 for the synthesis of cadmium chalcogenide nanocrystals

(CdS, CdSe and CdTe QDs), the hot injection method has becomean es-

tablished and widely used procedure. In this dissertation,we synthesize
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colloidal quantum dots engineered for applications in nonlinear optics

in combination with the silicon-on-insulator photonics platform, i.e., in

the wavelength range 1300-1600 nm. This involves materialssuch as

PbS and PbS/CdS QDs, where the bandgap transition can be matched to

the photon energy or CdTe, where the photon energy can correspond to

half the bandgap energy.

In this context, we make the CdTe QDs with sizes varying from 3to

11 nm using the hot injection method. The bandgap is tunable between

500 nm and 760 nm, or 1.6-2.48 eV. The large nanocrystal sizes(7-11 nm)

are obtained using a continuous injection of precursors at acontrolled

reaction time, avoiding Ostwald ripening. Thanks to these efforts, we

construct the sizing curve of the CdTe QDs by combining UV-vis-absorption

spectroscopy and TEM-imaging. Moreover, we synthesize PbScore

and PbS/CdS core/shell QDs using the hot injection method. We obtain

nanocrystal sizes from 2.5 till 7.5 nm with absorption peaksin the range

800-2000 nm or 0.62-1.5 eV.

Optical properties

We analyze the absorption coefficient of CdTe QDs by combining UV-

vis absorption spectroscopy and elemental analysis. At short wave-

length of 410 nm the intrinsic absorption coefficient does not show size

quantization effects and the obtained values are in good agreement with

the bulk value of CdTe. The average of these values can be usedas a reli-

able standard for the concentration determination of CdTe nanocrystals.

Around the bangap transition we find integrated absorption coefficients

that scale inversely proportionally with the QD volume. In addition,

these data showed a deviation up to a factor of 3 compared to the values

widely used in literature.

We determine the intrinsic absorption coefficient of CdSe/CdS core/shell

and CdSe/CdSexS1−x/CdS core/alloy/shell QDs. Based on Maxwell-

Garnett theory and an alloying model considering the diffusion of the

Se and S atoms respectively at the inner and outer CdSe and CdSshell

we show that the intrinsic absorption coefficient of CdSe/CdS core/shell
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QDs can be used to a CdSe/CdSexS1−x/CdS core/alloy/shell QDs within

a 5% error of calculation.

We study the nonlinear properties of PbS QD suspensions as a func-

tion of wavelength, optical intensity and QD volume fraction using the

Z-scan technique with picosecond pulses. Knowing the characteristic

temperature profile buildup timetc, we modulate the laser repetition rate

and exclude thermal lensing to directly measure the electronic contribu-

tion to the nonlinear refractive indexn2. This quantity is independent

from the intensity and follows the QD absorption spectrum. The figure

of merit is larger than 1 for the PbS QDs and is comparable withPbSe

QDs and lead chalcogenide glasses. We argue that the creation of exci-

tons and the resulting photoinduced absorption in the PbS QDs lie at the

origin of the observedn2 andβ. Using transient Four Wave Mixing with

150 fs pulses we prove that at low excitation intensities thedynamics is

dominated by single exciton thermalization (ns) and recombination (µs).

At higher intensities the FWM signal results in a 100 ps response. This

shows that colloidal PbS QDs are efficient and fast nonlinearmaterials.

This work is done in collaboration with OPERA-group from theULB,

Brussels and School of Physics and Astronomy, Cardiff university.

Hybrid QD-functionalized waveguides

We study light absorption in planarized SOI waveguides (PWGs) func-

tionalized with a top coating of PbS/CdS QD mono- to multilayers (Fig.5.5).

We can simulate the experimental absorption coefficientsαQD using an

approach where the QD layer is replaced by an effective medium with

an effective dielectric function determined by dipolar coupling between

neighboring QDs. This approach leaves the host dielectric constantεh as

the only adjustable parameter and provides a generic schemeto model

optical properties of composite materials containing close packed QD

films. Usingεh to match experimental and simulated absorption coef-

ficients (Fig. 5.13), we find thatεh systematically increases for thicker

films. We interpret this as an evolution ofεh from an extrinsic property,

both determined by the QD films and the surrounding layers, toa more
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intrinsic property of the QD layer. To the best of our knowledge, this

is the first demonstration of howεh – a typical parameter introduced

in effective medium theories – depends on the dimensions of the layer

modeled.

In addition, we study light absorption of colloidal PbS/CdSQDs in SOI

strip waveguides. Using Langmuir-Blodgett deposition, close-packed

monolayers are formed on the strip waveguides. By analyzingthe waveg-

uide absorbance, we show a clear interaction of the QDs with the quasi-

TE optical mode. We can simulate the experimental absorption coef-

ficients due to the presence of the QDs using the host permittivity de-

termined in the QD/coated PWGs. Through FDTD simulations wecan

correct for possible QD emission in the waveguides, which turns out to

be negligible in our work. Therefore, the study allows for a complete

engineering of absorption and possible emission in (strip)waveguides.

Quantum dots for photonic applications

We demonstrate through simulations the use of lead salt QDs excited

around their bandgap as a wavelength convertor in silicon-on insulator

waveguides. We introduce important concepts to simulate the figure

of merits for slow microsecond and fast picosecond wavelength con-

version. We achieve figure of merit values larger than 25 and 3for

the absorption bleach and intraband absorption based convertor, respec-

tively. Operation speeds are possible of≈ 5 to 20 GHz for the different

telecom bands : O-band (1274-1346 nm), C-band (1530-1565 nm) and

L-band (1565-1625 nm). By appropriately tuning the bandgapof the

QDs, we can perform the wavelength conversion either withindifferent

telecom bands or from a short to a longer wavelength band. Although,

the occupancy distribution is different from a Poisson, by introducing

the equivalent Poisson excitation quantity it allows us to easy determine

the average number of excitons. This provides us with simpleexpres-

sions for controlling the background and modulation stability of the Pb-

S/CdS QD wavelength convertor. Finally, in this work we highlight the

prospects for further optimizing the wavelength convertor.
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Figure 3: (a) PbS/CdS QD spectrum recorded on a dilute QD dispersion in

TCE. (b) Cartoon representation of the optical field coupledfrom the fiber

through the grating in the QD coated PWG. (c) SEM image of a (topview)

PWG coated by a QD monolayer. (d) AFM image and cross section of a PWG

coated by a QD monolayer, clearly showing the offset (l) between the top sur-

face of the (slightly submerged) PWG and its silica cladding.
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Figure 4: (a) Cross-sectional representation of the simulated electric field for

1520 nm light guided by a PWG coated by a QD monolayer. (b) Comparison

of the experimental and simulatedαQD absorbance spectrum of a QD coated

PWG for two different combinations ofl andεh.

We show that a periodic array of plasmonic nanorods to exhibit a res-

onant NF and FF-induced transparency at the same photon energy and

in-plane momentum. We envisage this counterintuitive behavior to en-

able many of the key functionalities (e.g., enhanced light emission and

sensing) pursued by plasmonic EIT analogs, but with the benefit of a

collective resonance at the expense of tight field localization. We ex-

perimentally demonstrate this behavior by using PbS QDs as local field

sensors. This work is done in collaboration with S. Rodriguez from

FOM-institute AMOLF-TU/e and Philips Research Laboratories Eind-

hoven.
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List of Acronyms

A

AS Abosorption Saturation

AB Absorption Bleach

AFM Atomic Force Microscopy

C

CdOA CadmiumOleate

CDM Coupled Dipole Model

CMI Continuous Multiple Injection (method)

CW Continuous Wave

D

DPE DiPhenyl Ether

E
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ES Excited State

F

FDTD Finite Difference Time Domain (method)

FF Far Field

FOM Figure Of Merit

FWHM Full Width at Half Maximum

FWM Four Wave Mixing

G

GS Ground State

H

HDA HexaDecylAmine

HOMO Highest Occupied Molecular Orbital

I

IMI Iterative Matrix Inversion

ICP-MS Inductively Coupled Plasma Mass Spectrom-

etry
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K

KK Kramers-Krönig

L

LAN Local Area Network

LB Langmuir-Blodgett (deposition)

M

MG Maxwell-Garnett

N

NIR Near InfraRed

NF Near Field

NFIE Near Field Intensity Enhancement

O

OA Oleic Acid

OAI On-Axis Intensity

ODE OctaDecene

OLA OleylAmine
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P

PbCl2 lead chloride

PIC Photonic Inegrated Circuit

PS Polystyrene

PL PhotoLuminescence

PWG Planarized WaveGuide

Q

QD Quantum Dot

QY Quantum Yield

R

RBS Rütherford backscattering spectroscopy

S

SEM Scanning Electron Microscopy

SLR Surface Lattice Resonance

SOI Silicon-on-Insulator

SWG Strip WaveGuide
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T

TCE TetraChloroEthylene

TE Transverse Electric (mode)

TEM Transmission Electron Microscopy

TOP Tri-n-OctylPhosphine

TOP-S Tri-n-octylphosphine sulfide

TOP-Te Tri-n-octylphosphine telluride

TPA Two-Photon Absorption

W

WG Waveguide

X

XRD X-ray diffraction
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1
Introduction

1.1 Introduction

In a modern society where news need to be spread instantaneously, ed-

ucation wants to enter new ways of teaching to better respondto socio-

cultural changes and teleworking should be incorporated incompanies,

an optimal knowledge exchange is indispensable. Thereforean increase

in speed, memory and more chips for information processing is essen-

tial, which is technologically translated in a demand of more bandwidth,

upscaling with smaller footprints and a lower cost for datacommuni-

cation networks. A solution for this is the replacement of relatively

slow electronic components for dataprocessing by systems which pro-

cess data optically very fast1. To be successfull, these systems must be

based on the one hand on materials with appropriate physicalproperties

- low absorption loss, fast response times, temperature resistance, ... - on

the other hand they should be compatible with existing semiconductor

micro- and nanoelectronics industry.
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This semiconductor industry is facing major challenges in the medium

term2. The need for continuing miniaturization in micro- and nanoelec-

tronics requires the use of new techniques and materials. Inthis context,

photonic integrated circuits (PICs) based on silicon provide extended

possibilities. Photonics is the technology of generating and harnessing

light and other forms of optical radiant energy whose quantum unit is

the photon. Apart from the requirement for high performanceat a lower

cost, miniaturization of photonics is necessary to permanently enable

integration with electronics. Si waveguides formed on silicon dioxide

(silicon-on-insulator, SOI) have a high refractive, omni-directional in-

dex contrast. Therefore it is possible to perform differentelectronic

functionalities, with compact optical circuits. Moreover, the production

of SOI components is based on a technology developed for integrated

electronic circuits (CMOS)3;4. A major drawback of SOI lies in the op-

tical properties of silicon. Si is an indirect bandgap material and shows

limited optical nonlinearities, inhibiting its use for applications relying

on the emission of light and signal processing for optical communica-

tion, respectively.

The solution to these problems are sought in hybrid technologies, ex-

tending the SOI plaform with other materials. The current epitaxial

techniques such as die-to-wafer bonding are quite successful but very

expensive. An alternative that couples a large potential toa low cost is

completing Si waveguides with a functional coating that is applied using

inexpensive techniques such as spin - or dropcasting. Passive compo-

nents have been demonstrated, for example by covering Si waveguides

with a non-linear polymer5 or graphene6. An alternative are coatings

based on colloidal semiconductor nanocrystals or quantum dots (QDs).

An important advantage of colloidal QDs is their flexibility. The electro-

optical properties can be adjusted to the application - active or passive

- in SOI and integration makes use of simple, wet techniques that are

mainly independent of the substrate. In contrast, this technology is not

very mature. In spite of its potential, there is no standard material system

for coatings and many barriers needs to be overcome to facilitate the
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step from materials towards devices. In this introduction we will give

an overview of the fabrication and properties of colloidal QDs and SOI,

discuss the important obstacles that should be overcome andoutline the

main work that is needed to pave the way for functionalizing the SOI

platform and fabricate hybrid devices.

1.2 Colloidal quantum dots

Since the seminar of Richard Feynman, which dates back to 1959 at

Caltech7: ’There’s Plenty of Room at the Bottom’ the interest in ex-

ploring nanotechnology was triggered. From the early 1980’s1, this lead

to an increased interest in the properties of semiconductornanocrystals,

later also called quantum dots (QDs)8;9. Nowadays, QDs have become

important for a whole range of optical applications, including photo-

voltaics, photodetection, displays, nanoflash memories and optical am-

plifiers10–13. Besides electro-optical applications they show potential

for other research branches such as biomedicine, the study of intracel-

lular processes, high resolution imaging, biomarkers and tumor detec-

tion14–17.

A semiconductor nanocrystal is a fragment of an inorganic, crystalline

material having dimensions of the order of nanometers (Fig.1.1(a)).

Interesting to nanocrystals is that by the reduction of the dimensions

the physical properties of the material changes due to a phenomenon

called ’quantum confinement’ or ’size quantization’9;18. Under the in-

fluence of quantum confinement the band gap widens and the edges of

the energy bands are reduced to a set of discrete levels with decreasing

size. Thus, one obtains a sort of artificial atoms, of which the electro-

optical properties are a function of the size of the particles. There are

mainly two different methods for the production of QDs, conveniently

called self-assembled QDs and colloidal QDs. Self-assembled QDs are

made through the typical deposition techniques used in semiconduc-

tor technology (chemical vapor deposition, molecular beamepitaxy) in

1This year we are celebrating 30 years of quantum dots
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Figure 1.1: A. Transmission electron microscopy image of colloidal PbSe

nanocrystals or quantum dots. The inset shows a high-resolution record-

ing, whereby the individual atomic columns are clearly visible. Scale bar :

2 nanometers. B. Series of absorption spectra of PbSe quantum dots. The

blue shift of the aborption peak with decreasing diameter illustrates the influ-

ence of the quantum confiment on the electro-optical properties. (courtesy of

I. Moreels)

which one lets a thin coating contract into islands with nanometer di-

mensions19. Typical examples here are InAs QDs grown on InP or GaAs

and Ge QDs grown on Si20. This approach gives very stable structures,

as the QDs may be embedded in a solid matrix, but is expensive,little

flexible and offers only limited control over size and shape of the QDs.

Colloidal QDs are created by chemical techniques, whereby the end re-

sult is a colloidal dispersion of nanocrystals21. This approach typically

provides nanocrystals with dimensions of 1 to 10 nm, which are encased

by an organic shell (capping) of ligands. An important advantage of the

method is the maturity of the synthesis (monodispersion suspensions,

control over size and shape, wide range of materials), whichallows for

a high degree of control over the electro-optical properties. Moreover

the QDs allow for a flexible processing. This applies both at the level of

individual quantum dots (change of ligands, coating with anadditional

inorganic shell) as well on the deposition of an ensemble of quantum

dots in thin films via easy wet techniques as spin - and dropcasting. The
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combination of the adjustable electro-optical propertiesand easy pro-

cessing makes QDs an attractive material for functionalization of SOI

waveguides.

1.2.1 Quantum confinement

The origin of the quantum confinement can be traced back to thework

of Brus22–24. If we assume a spherical semiconductor nanocrystal with

a paricle radiusR and calculate the energy spectrum by assuming the

wavefunction of the electron-hole pairs (excitons) to be confined in an

infinite potential well25, we obtain the bandgap energy after solving the

Schrödinger equation :

Eg = Egbulk +
h̄2π2

8µR2
− 1.786e2

ǫR
(1.1)

Here, µ is the reduced exciton mass andǫ is the dielectric constant.

The above equation is the Brus-equation. The first two terms are the

particle-in-a-box energy, and the last term is the Coulomb energy that

accounts for electron hole interaction. Inspecting expression 1.1 we ob-

serve a strong blueshift of the bandgap of the QDs by decreasing the

particle size. Since the bangap depends on the size, the onset of ab-

sorption is also size dependent as illustrated in Fig. 1.1(b) for a series

of PbSe QDs. The position of the luminescence peak is also controlled

by the quantum dot size. This is demonstrated in Fig. 1.2 for aseries

of luminescent CdSe QDs, where the emitting color changes from red

to blue and immediately highlights the potential use of semiconductor

nanocrystals.

1.2.2 Colloidal heterostructured quantum dots

From the early fabrication of colloidal nanocrystals the hurdle of de-

grading electrical and optical properties with time appeared21. As the

QD sizes are small, the surface to volume ratio is huge yielding free

surface atoms with dangling bonds, introducing midgap states that are

detrimental for the photoluminescence and make the nanocrystals prone

to surface oxidation and leaking of the wavefunction. The hurdle has
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Figure 1.2: (Left) Series of CdSe QDs shining luminescentlyafter UV illumi-

nation (right). By decreasing the particle size of the CdSe nanocrystals, the

emission color is changed from red to blue. With the acknowledgement for S.

Abe for the taken pictures.

been overcome at first by eliminating the free surface by a proper sur-

face termination by organic ligands and later on by encapsulating the

QDs with an inorganic shell material26, confining the wavefunction well

within the nanocrystal. (Fig. 1.3(a)). Nowadays, the current know-

how of the colloidal quantum dots allows not only for a control of their

size and stabilizing ligands, but various shapes (dots, rods, tetrapods,

platelets, sheets, ...), combinations of these shapes to the so called ’het-

erostructured’ QDs (core/shell, core/multishell, dot-in-rods, alloys, ...

) are feasible in the visible and near-infrared range27–30. Moreover,

one can extend the tunablity towards the types of the bandalignment of

these heterosctructured QDs as illustrated in Fig. 1.3(b) :Type-I, type-

I1/2 and type-II26;31–33. In a Type I QD, both charge carriers (electron

and holes) are confined in the core of a nanocrystal. This typeis suitable

for enhancing the chemical stability and the photoluminescence quan-

tum yield. In a Type II QD, one of the charged carriers is confined in

the core, while the other is confined in the shell. In the case of a Type

I1/2 QD, the band offset is small for one of the charge carriers to be

only confined in the core. Consequently, one of the charge carriers will

delocalize over the core and shell, while the other remains in the core.

All these unique properties, combinations and types not only inspire
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Figure 1.3: (a) Structure of a CdSe core/(multi-)shell QD yielding a very sta-

ble nanocrystal with a high photoluminescence quantum yield. (b) (left to

right) Schematic representation of the band alignment in a Type-I, Type-I1/2

and Type-II heterostructured nanocrystal, respectively.The amplitude squared

of the wavefunction for the electron and hole are shown in redand blue, re-

spectively. (c) An example of a CdSe dot in a CdS rod nanostructure where

electron and hole wavefunctions have different confinementregimes : the elec-

tron and hole are confined in two and three dimensions, respectively. Graph is

reproduced from Talapin et al.17.
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nanocrystal engineers for implementing them in a broad range of ap-

plications, but also challenges them for completely unravelling the QD

basic material characteristics and their optical properties.

1.2.3 Optical properties

The optical properties of QDs can be simply divided in two categories :

low power (linear) optical properties and high power (nonlinear) optical

properties. Linear optical properties commonly observed properties of

light at low power and are typically related to absorption and emission.

Hereby, no new frequencies are generated and typically increasing the

light intensity enhances the respons accordingly in these materials. In

the first half of the 20th century, nonlinear properties weredemonstrated

in electricity and magnetism phenomena. As examples, amplifying ra-

diowaves in radiotubes, the electrical properties of p-n junctions in tran-

sistors and saturation of ferromagnets. Optical applications based on

nonlinear phenomena could only be envisaged after 1960, theyear the

laser was invented by Theodore Maiman2 34. This invention made that

high optical intensities became achievable to trigger the optical nonlin-

earities. To understand this, we consider following Taylor-expansion of

the nonlinear polarization, which is the respons of the applied optical

field Ē :

P̄ = ǫ0χ
(1)Ē + ǫ0χ

(2)Ē2 + ǫ0χ
(3)Ē3 + ... (1.2)

The nonlinear susceptiblitiesχ(2),χ(3) are very small as compared to the

linear susceptibilityχ(1) and the higher order terms are undetectable, ex-

cept if the energy densities are high enough to generate strong electrical

fields.

Furthermore, one can show that in centro-symmetric crystals the second

order susceptibilityχ(2) vanishes , yielding a nonlinear susceptibility

that is in first order proportional to the intensityI. This corresponds to

2His first submission of the report was to the journal of Physical Review Letters

and was turned down by the editors reflecting their limited understanding that time!

Fortunate, his second submission to the Nature editors was accepted.
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a change of the refractive indexn and the absorption coefficientα. We

refer to this as a Kerr-type nonlinearity :

n = n0 + n2I = n0 + δn (1.3)

α = α0 + βI (1.4)

Here,n0 andα0 are the linear refractive index and absorption coeffi-

cient, respectively. The second term in 1.4 is only significant when

nonlinear absorption appears. Based on the sign ofβ one can distin-

guish two phenomena : two-photon absorption (TPA) and absorption

bleach (AB). When the sign ofβ is positive, two-photon absorption oc-

curs. This is a process in which subsequently two photons areabsorbed

by a QD with a bandgap equal to twice the energy of the incomingpho-

tons. On the other hand – if the sign ofβ is negative – absorption bleach

appears, when a decrease of absorption is noticed if the intensity in-

creases.

1.3 Silicon photonics

1.3.1 Silicon on insulator (SOI)

Silicon-on-insulator (SOI) is a material system that is used mainly for

optical signal processing in telecom applications (Fig. 1.4(a)). An im-

portant advantage of the technology is the ability to realize very com-

pact components, due to the high refractive index contrast between the

Si waveguide and its surroundings (silicon dioxide and air). As illus-

trated in Fig. 1.5(a-d), waveguides are structures that canconfine light

within a certain area and convey it over a given distance35. This con-

finement is done by trapping light in a core of a material with ahigher

refractive index than the surrounding material. Consequently, light is

bundled in a spot around the centre, or a mode. A second merit for SOI

is that integrated photonics circuits in silicon-on-insulator can be made

in existing CMOS manufacturing lines from semiconductor electronics

industry. The current standard, 193 nm deep-UV etching lithography
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Oxide (SiO2)

 Silicon (Si)

2mm

 Substrate

220nm
70nm

(a) (b)

220nm

100nm

Figure 1.4: (a) Silicon-on-insulator layer structure of anunprocessed wafer.

(b) Processing the top-layer of the wafer using deep (220 nm)and shallow

(70 nm) etching lithography yields ultra compact optical waveguides and pho-

tonic structures.

(Fig. 1.4(b)) allows to define structures smaller than 100 nmon a SOI

wafer . Herewith, ultra compact single mode waveguides can be com-

bined to efficient directional couplers, ring resonators with high quality

factors and broadband Mach-Zechnder interferometers36–39. With these

basic componets passive devices have been realized : optical swicthes40,

modulators and wavelength convertors41. Yet, in spite of the possibili-

ties, these building blocks to realize all-optical signal processing rely on

the creation of charged carriers and are therefore restricted to bit rates

of 1Gbit/s . Faster signal processing and active componentsrequire the

use optical nonlinear - and direct bandgap materials, hampering a wide

employment of silicon.

1.3.2 Functionalization of SOI

A strategy to increase the reliance value of Si based photonic integrated

circuits is by functionalizing SOI. Up to now, this is testedwith mainly

- other than QDs - four different material systems and we willconsider

following criteria for the ideal material on silicon : Low cost, highly

nonlinear, direct semiconductor bandgap and easy processing. The first

type of materials are chalcogenide doped glasses, which areglasses in
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Figure 1.5: Various waveguide cross sections from Bogaertset al.42 (a) A sin-

gle mode optical fibre, with an oxide (glass) core of 9µm and a glass cladding

of 125µm diameter. The refractive index contrast between core and cladding

is typically lower than 1%. (b) A silica-on-silicon waveguide, with similar

dimensions and refractive index contrasts. (c) A typical low-contrast III-V

semiconductor ridge waveguide. The refractive index contrast between core

and cladding layers is typically in the range 3.2-3.4, with aridge width of sev-

eral microns. (d) A high-contrast silicon-on-insulator photonic waveguide with

submicron dimensions. The core material is silicon with an refractive index of

3.45, compared to a cladding of SiO2 and air with refractive indices of 1.45

and 1.0, respectively.
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which S, Se, Te in combination with other elements such as Ge,As,

Sb, Ga, ... are added. These non-semiconductors exhibit nonlinearities

which are 2 orders of magnitude larger than the silicate glass. Func-

tionalization of (non)linear-Si waveguides was reported by means of a

coating on Si43. Second type of materials are III-V semiconductors,

which are particularly suitable for light emission for the sake of their di-

rect bandgap, but show rather restricted nonlinear characteristics. Suc-

cessfull, but at high cost integration on SOI was reported using ’die to

wafer bonding’ epitaxial tecchniques44. The third type of functional

materials are nonlinear polymers, these are non-semiconductor materi-

als possessing a high nonlinearity due their strong electronic polariz-

ability and integration of these polymers on silicon-slot waveguides has

been demonstrated5. Final type of functionalizing material is graphene,

which consists of a single layer of carbon atoms self assembledly re-

sulting in a honeycomb lattice. Optical absorption controlof graphene -

through gate voltages - in a Si waveguide resulted in a 1.2 Gbit/s mod-

ulator6. Additionally, graphene flakes were shown to possess high non-

linear optical response suitable for optical communication45.

1.4 Objective of this work

Besides the above mentioned materials in the previous section and as

outlined colloidal QDs are promising for functionalizing SOI. Si nanocrys-

tals were demonstrated for optical switching in SOI around 900 nm46.

Yet, few reports include the use of colloidal QDs in the more relevant

telecom range (1200-1600 nm)47. In this context, lead salt semiconduc-

tor nanocrystals (PbX and PbX/CdX, X=S,Se) are a captivating class

of materials, due to the combination of their adjustable direct bandgap

in the near infrared range and a suitability for low cost solution-based

processing48. This implies that their properties can be tailored for tele-

com applications. As these lead salt colloidal QDs can be employed for

hybrid SOI devices and may offer key answers to many photonicopera-

tions : lasing, modulation, wavelength conversion and all optical signal

processing, understanding the optical properties of theseQD coated SOI
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waveguides is essential. Therefore the goal of this thesis will be dedi-

cated to resolve this issue.

1.4.1 Outline

The work of this thesis can be divided into four main parts:

• In the second chapter we will highlight the general synthesis route

of colloidal quantum dots using the hot injection method. Atfirst,

we will provide a synthesis procedure for CdTe QDs from visi-

ble till NIR range. Secondly, we will give the synthesis proce-

dure of PbS core- and PbS/CdS core/shell nanocrystals and show

their tunability from NIR till mid-IR range. Additionally,the

structural-, optical- and stability properties of the above QDs will

be discussed.

• In the third chapter we will present a generalised description of

the theoretical intrinsic absorption coefficients -which are linked

to the particle concentrations- of core, core/shell, multi- and graded

shell particles by applying Maxwell-Garnett theory together with

the transmission line analogy for determining the particlepolar-

izability in semiconductor spherically shaped particles.The use

of the above model will be illustrated for CdTe core-, CdSe/CdS

core/shell - and CdSe/ CdSexS1−x/CdS core/alloy/shell nanocrys-

tals.

• In the fourth chapter we will make a leap from the study of the

linear optical properties (chapter 3) towards the description of the

optical nonlinearities of nanocrystals. We will reportn2, β and

the resulting Figure of Merit values for PbS QDs resonantly ex-

cited around the telecom wavelength range (1500-1600 nm). We

will make use of the Z-scan technique together with pump-probe

four wave mixing (FWM) and determine the time response of the

optical nonlinearities.

• In Chapter 5, we will describe the use of the Langmuir-Blodgett

technique to obtain thickness controlled depostion of colloidal
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QDs on SOI platform. We will coat SOI planarized waveguides

with close-packed mono- and multilayers of PbS/CdS QDs and

analyze the absorption coefficient through the waveguide absorbance.

Experimental data will be compared with simulations and a close

formula describing the dielectric function of the QD-layers will

be derived. Next, we will determine the waveguide absorbance of

silicon-on-insulator strip waveguides coated with PbS/CdS core/shell

QDs. Additionally, the morphology of the QD-layer on SOI will

be discussed.

• In chapters 6-7 we will discuss the potential use of colloidal QDs

for photonic applications. In chapter 6, we will discuss theuse

of colloidal QDs as a wavelength convertor. We will provide the

Figure of Merit values for wavelength conversion of QDs in a SOI

platform. In chapter 7, we will demonstrate the use of colloidal

QDs as local field sensors in plasmonic arrays.

We will end this thesis by a general conclusion, summarizingthe most

essential results and give prospects for future research and application

directions.
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2
Synthesis of CdTe, PbS and PbS/CdS

quantum dots

2.1 Introduction

2.1.1 The hot injection synthesis

Colloidal quantum dots are synthesized using wet chemistry, where es-

pecially the hot injection approach leads to highly monodisperse sus-

pensions of nanocrystals. The method combines precursors and ligands

or surfactants to control the nucleation and growth of the nanocrystals

and stabilize the resulting colloid by steric hindrance. Since its intro-

duction in 1993 for the synthesis of CdS, CdSe and CdTe nanocrystals,

the hot injection method1 has become an established procedure that is

widely used by the nanocrystal community. It has been extended to

form nanocrystals of a wide range of materials, including semiconduc-

tors, metals and metal oxides2–4 where it typically leads to an outstand-

ing control over nanocrystal size and shape. The use of QDs has been
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demonstrated for various applications in photonics, including lighting,

displays, photovoltaics and photodetection but also for bio-imaging or

sensing5–11. Far less reports showed the application of the non-linear

optical properties of colloidal QDs. In this context, optical switching in

photonic circuits has been demonstrated12.

Detailed studies on the synthesis of CdSe quantum dots have shown

that the nucleation and growth of colloidal nanocrystals inthe hot injec-

tion synthesis is driven by the in-situ formation of a soluteor monomer

species out of the initial precursors. The precursor injection initiates

this solute formation, resulting in a supersaturated reaction mixture in

which stable nuclei can form that grow larger by the continued addi-

tion of monomer species. An important element of this growthprocess,

leading to the narrow size distributions that are so characteristic of the

hot injection synthesis, is size distribution focusing. This is a process

in which smaller nanocrystals grow faster than larger nanocrystals and

that typically occurs when nanocrystal growth is diffusionlimited and

the supersaturation is high. At the end of the reaction, whenall pre-

cursors have been depleted, further growth can still happenby Ostwald

ripening13–15. This is a process in which the large nanocrystals continue

to grow, yet at the expense of the smaller nanocrystals as illustrated in

Fig. 2.1. Very often, Ostwald ripening will lead to a broadening of the

size distributions and reactions are typically stopped before they enter

this growth regime

2.1.2 Quantum dots synthesized in this work

In this work, we have synthesized colloidal quantum dots tailored for ap-

plications in nonlinear optics in combination with the silicon-on-insulator

photonics platform, i.e., in the wavelength range 1300-1600 nm. This

involves materials such as PbS and PbS/CdS QDs, where the bandgap

transition can be matched to the photon energy or CdTe, wherethe pho-

ton energy can correspond to half the bandgap energy. The aimof this

chapter is to summarize the different synthesis recipes used and provide

all the basic materials characteristics we will need throughout this work.
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Figure 2.1: Schematic reprinted from Murray et al16 (a) illustrating the stages

of nucleation and growth for monodisperse colloidal nanocrystals. (b) Repre-

sentation of the synthetic apparatus used in the preparation of monodisperse

QDs.

Especially in the case of CdTe, novel synthesis recipes had to be devel-

oped to obtain sufficiently large CdTe QDs that have a bandgapin the

range 650-800 nm. Thanks to these efforts, it was possible toextend the

CdTe QD sizing curve and determine oscillator strengths andabsorption

coefficients also for large CdTe QDs.

2.2 Synthesis of CdTe QDs

2.2.1 Synthesis procedure

Used chemicals

For the synthesis of CdTe nanocrystals, cadmium oxide (CdO,>99.99%,

Aldrich) and tellurium (Te, 99.997%, Aldrich) were used to prepare the

Cd and Te precursor, respectively. Tetradecylphosphonic acid (TDPA,

>99% , PCI Synthesis), hexadecylamine (HDA, 98%, Sigma-Aldrich),

oleylamine (OLA, 80-90%, Acros Organics) and oleic acid (OA, 90%,
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Sigma-Aldrich) were used as ligands and technical 1-octadecene (ODE,

90%, Alfa-Aesar) was used as the solvent. Finally, analytical grade

methanol, ethanol and toluene, purchased from VWR were usedfor pu-

rification and storage.

Precursor preparation

In a typical synthesis, a CdTDPA (cadmium tetradecylphosphonic acid)

complex is prepared as the cation precursor prior to the actual synthe-

sis by adding 6.79 mmol of CdO (0.87244 g) together with 20.52mmol

of TDPA (5.712g) in a three-neck flask. The solid compounds are left

under a nitrogen atmosphere at room-temparature for one hour and are

then liquefied by heating it to 100◦C for 1/2 hour. Next, the temperature

of the mixture isslowly increased, without bubble forming, to 300◦C,

where the CdTDPA compound is formed and a colourless solution ap-

pears. The solution is then poured in a metal beaker where it solidifies.

Afterwards, the CdTDPA is grinded to a fine powder and stored.To

obtain the anion precursor, 15 mmol of Te (1.914 g) is added to10 mL

of tri-n-octylphosphine (TOP) solution and the mixture is heated up for

1/2 hour in a nitrogen glovebox. Herafter, the Te is dissolved in the TOP

liquid, resulting in a 1.5 M Te in TOP solution with a flash-green color.

Actual synthesis

Various procedures have been used to synthesize monodisperse colloidal

zinc-blende (zb) CdTe QDs in the range of 4-6 nm and we refer to1;17;18

for the literature. For the synthesis of QDs with a diameter of 6-11 nm,

we grow them up in a two-step procedure. The first step is the growth

of the initial core particles, theseed QDsand then in a second step

we add continously in time extra precursors in the flask containing the

seed particles, a process we will refer to as continuous multiple injection

(CMI). As we will show, this method fastens the growth of the large

particles and avoids entering the Ostwald-regime by creating sufficient

monomers to be consumed for all particles. We will try to optimize each
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Figure 2.2: Scheme depicting the synthesis of CdTe QDs.

of the two outlined steps. An important point is that the nanocrystals

formed in the first step are sufficiently large – meaning a diameter close

to 6 nm – to facilitate the second (CMI) step.

In the first step the seed particles are synthesized by the injection of

0.084 g of CdTDPA with a 1:3 Cd to TDPA ratio, followed by 0.1933 g

of HDA with a 1:8 Cd to HDA ratio. Added to this is 7.8 mL of oc-

tadecene (ODE) in the three-neck flask (Fig. 2.2). The mixture is kept

under a nitrogen flow during 1/2 h at room temperature and is then

heated up till 100◦C for 1.5 h. The anion (Te) precursor is made of

2 mL of a mixture of 3.7 mL ODE, 0.7 mL TOP and 0.1 mL of a 1.5 M

TOP-Te solution. The corresponding Cd to Te ratio is 3:2. Theanion

Te-precursor is injected at a temperature of 280◦C, and the tempera-

ture drop leads to a growth temperature of 260◦C, which is maintained

throughout the reaction. The combination of the precursor ratios – 1:8

Cd to HDA and 3:2 Cd tot Te – yielded nanocrystals with sufficiently

large diameters suitable for the CMI process. This resultedin QDs with

an aborption peak at 690-700 nm, but achieved after 8 hours 20min of

growth, which is a time consuming proces.

Figure 2.3(a) shows normalized absorption spectra recorded on aliquots

taken at different times after the start of the reaction. Oneclearly ob-

serves a very slow red shift of the absorption peak with time,indicat-

ing an almost inert nanocrystal growth. The duration of the synthesis
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can be significanly decreased by increasing the injection tempearture to

305◦C and letting the QDs grow at 290◦C. After 1 h 4 min of growth

time (Fig.2.3(b)) the particles reached already a size of 6.0 nm corre-

sponding to an absorption wavelength of 680 nm. As we will show be-

low, the size is determined using TEM-analysis. Moreover, allowing

the seed-nanocrystals to grow more than the mentioned duration time

yielded Ostwald ripening. In addition, increasing the injection temper-

ature above 305◦C is no longer possible as ODE will start to evaporate

due to the proximity of the ODE boiling temperature at 315◦C.

To reach larger sizes a second injection of cation-anion precursor is

made. A good estimate of the additional amount of precursor needed

is obtained by calculating the extra amount of CdTe needed toreach

the target diameter. In practice, this involves calculating the relative

increase in particle volume (R) and rescale the amount of ’precursor’

required for the second injection according toR. We illustrate this for

a target diameter of 9 nm (λ = 745 nm), which yields a ratio between

initial and second Cd amount injection of 1:4 (R = 4). To prepare this

precursor, 0.84 g of CdTDPA (1 mmol) is dissolved in 4 mL ODE and

heated up till 255◦C for 15 min. After cooling to a temperature of 45◦C,

0.67 mL of 1.5M TOP-Te solution is added and well mixed. This tem-

perature is sufficiently low to avoid nucleation and high enough to de-

crease the viscosity of the gel-like mixture. After a reaction time of

64 min of the previously described procedure, 2 mL of the precursor

is then loaded in a syringe and injected continuously into the reaction

solution using a (PROSENSE B.V.) syringe pump at a rate of 2 mL/h.

Fig. 2.3(b) shows the red shift of the absorption spectra from the start

of the CMI - using QDs with an exciton peak at 680 nm - towards the

end at 40 min of growth time. Clearly the target size is reached from

the finally obtained absorbance spectrum, with a bandgap wavelength

of ≈740 nm.
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Figure 2.3: (a) Synthesis of CdTe QDs at low injection temperature of 280◦C.

(b) Synthesis of the CdTe QDs at high injection temperature followed by a CMI

process using the nanocrystals grown after 64 min as the seedmaterial.
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Figure 2.4: (a) TEM image of large zb-CdTe QDs (scalebar: 20 nm) synthe-

sized by the CMI process (R = 6). (b) Statistical analysis of the TEM pictures,

yielding an average QD-size of 10.9 nm with a size dispersionof 8%.
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2.2.2 Basic material properties

The large CdTe QDs synthesized for this work have been used tode-

termine a more extended sizing curve for these quantum dots,which

will be outlined in the next section. For this, the average diameterd of

quantum dots in different batches and their standard deviation (σd) were

determined by the analysis of TEM micrographs. In this context, the

ratio σd

d × 100 between the standard deviation and the mean quantum

dot diameter – denoted as the size dispersion – is used as a measure of

the mono- or polydisperse character of a quantum dot dispersion. Fig-

ure 2.4(a) shows a representative TEM micrograph of the CdTeQDs

obtained by the synthesis procedure as outlined in section 2.2.1. The

samples for the micrographs are prepared by dipping a TEM grid in a

0.5-1µM CdTe QD dispersion. One sees this results in the formation of

small hexagonally close-packed assemblies of QDs, from which a diam-

eter of each QD was determined from the equivalent circular diameter

dQD:

dQD =

√

4A

π
(2.1)

HereA is the projected surface area of the QDs in the TEM micro-

graphs. By combining multiple TEM images of the CdTe QDs, 300-400

nanocrystals were analysed for each batch. The resulting histogram is

shown in Fig. 2.4(b), to which a Gaussian distribution can befitted. The

average diameter andσd are directly calculated from the individual di-

ameters, resulting in a number ofd=10.98 nm,σd=0.90 nm and thus a

size dispersion of 8.2% for this sample. These values agree with the

ones obtained from the fitted Gaussian distribution. A more elaborate

discussion, including a more extensive dataset is given in Kamal et al.19.

The crystal structure of the synthesized CdTe QDs obtained by the above

described procedure are examined by powder X-ray diffraction (XRD).

For the XRD measurements the samples are prepared by drying the QD

suspensions under a nitrogen flow and resuspending the dry powder in

a mixture of 2 volume units of hexane and 4 volume units of heptane.

Subsequent drop casting of the QD suspensions on a 1 cm2 glass plate
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completes the sample preperations. All the XRD measurements showed

the fingerprint features of the zincblende crystal stucture.

An important quantity of colloidal nanocrystal suspensions is the con-

centrationc of particles in the solution. The concentration is obtained

through elemental analysis of the QDs dissolved in a HNO3 solution.

The CdTe QDs will decompose in Cd and Te atoms and via induc-

tively coupled mass spectroscopy (ICP-MS), the concentration of the

cadmium in solution CCd (mg/L) is determined from whichc is calcu-

lated as:

c =
6CCdaCdTe

8πd3MCd
(1 +

1

ρ
) (2.2)

Here,aCdTe = 0.648 nm is the zincblende CdTe lattice parameter and

ρ is the Cd:Te ratio determined via Rütherford backscattering spec-

troscopy (RBS). This number is always found to exceed one, which is

attributed to an enrichment of Cd at the CdTe nanocrystal surface19.

MCd is the molar mass of cadmium. Table 3.1 illustrates the data for

the different QD diameters.

2.2.3 An extended sizing curve

From the absorbance spectrum of each batch, we determine thewave-

length λg in nanometer from the peak of the first 1S-1S transiton as

shown in Fig 2.5(a). Thus the energyEg in eV of the 1S-1S bandgap

d (nm) CCd (mg/L) ρ A410 (cm−1) c (10−6mol/L)

3.19 111.3 1.39 0.199 0.5685

3.73 236.1 1.13 0.429 0.0825

4.14 483.4 1.20 0.286 0.4013

5.20 255.2 1.14 0.466 0.3284

5.67 123.7 1.09 0.221 1.2530

7.65 97.8 1.12 0.297 0.0598

10.97 122.5 1.07 0.360 0.0257

Table 2.1: CdTe diameterd, Cd weight concentrations CCd as obtained by ICP-

MS measurements,ρ is the RBS Cd:Te ratio,A is the absorbance at 410 nm and

thec is the calculated concentration of the suspensions used.
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Eg,bulk

lg

(b)(a)

Figure 2.5: (a) Absorption spectra of CdTe nanocrystals with diameterdQD of

(top to bottom) 7.65, 5.67, 5.20, 4.41, 3.73 and 3.19 nm determined via TEM.

As denoted by the arrow fordQD =7.65 nm the peak of the first 1S-1S exciton

transition corresponds to the bandgap wavelengthλg from which the bandgap

energyEg is calculated. (b) Determined sizing curve of the CdTe QDs relating

Eg anddQD as outlined in (a). Markers represents the experimental data which

are well fitted to Eq. 2.3. Blue and red sizing curves are respectively according

to Donega et al.20 and Yu et al.21. Dashed black line is the bandgap of bulk

CdTe.

76



Chapter 2. Q-Synthesis 77

transition is calculated as1239.84λg
. Plotting the ensuing combinations of

diameter and bandgap yields the CdTe sizing curve as shown inFig. 2.5(b).

Here, the experimental data have been fitted to:

Eg(d) = 1.51 +
1

0.048d2 + 0.29d − 0.09
(2.3)

In this expression, the first term is kept fixed at the bandgap of bulk CdTe

(1.51 eV) and the three factors in the denominator of the second term

have been used as adjustable variables. The resulting fit hasbeen added

as a black line to Fig. 2.5(b). Next to the best fit according toEq. 2.3,

the figure shows a blue and a red line that correspond to sizingcurves

presented by Donegaet al.20 and Yuet al.21. A good correspondance

between our sizing curve and that of Donega et al.20 is obtained, with

maximum deviations in diameter of about 0.3 nm. On the other hand,

more important deviations up to 0.6 nm are found with the sizing curve

of Yu et al.21.

2.2.4 Extinction coefficients

The concentrationc as described in section 2.2.2 for the batches sum-

marized in Table 3.1 was determined via ICP-MS, which is an accurate

but time consuming and cost increasing method. Additionally, the QDs

have to be ’destroyed’ in the nitric acid and therefore it is not a conve-

nient way for use in practice. Nevertheless, the ICP-MS datacan serve

as a calibration set. The absorbanceA at the wavelength of 410 nm, de-

termined via absorption spectroscopy, is linked toc by the Beer-Lambert

law :

A = ǫextcL (2.4)

Here,L = 1 cm is the length of the cuvette containing the QD suspen-

sion and givenc from the ICP-MS data the molar extinction coefficient

at 410 nmǫext,410 is calculated. This quantity scales proportionally to

the volume of the QDs and writingd as the size of the QDs in nanometer,

a best fit to the experimental data yields (ǫext,410) in cm−1/µM:

ǫext,410 = 0.0105 d3 (2.5)
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Therefore by knowingǫext,410 and through a measurement ofA using

absorption spectroscopy – a low cost, non-destructive and fast measure-

ment – the QD-concentration is easily determined via Eq. 2.4. The ori-

gin of the scaling ofǫext,410 with the volume comes from the indepen-

dency of the intrinsic absorption coefficient ond, a point we will address

and discuss together withǫext,410 in more depth in the next chapter.

2.2.5 Stability under ambient atmosphere

We have studied the evolution of the absorbance spectrum of abatch of

4.9 nm and 10.9 nm CdTe QDs when stored under ambient atmosphere.

Figure 2.7 shows the spectra taken at different times duringstorage. For

the smaller sized CdTe QDs a spectral blue shift of 6 nm is noticed af-

ter a storage of 20 days, while a 1 nm blue shift is measured during the

same period of time for the larger QDs. From the bandgap absorption,

an effective size is determined using the sizing curve (Fig.2.7b-c). The

results yield a final decrease in effective size of 1.5Å and 1.8Å for the

smaller and bigger QDs, respectively. While the final decrease in effec-

tive size for smaller QDs is accurately analyzed, the determined value

for the larger QDs should be more seen as an estimate. This is because

the sizing curve is close to size independent at these large diameters and

therefore small varations of the bandgap might lead to largevariations

in the diameter. Nevertheless, the determined value of sizedecrease in

20 days (1.8̊A) for the larger QDs is similar to the one determined for

the smaller QDs (1.5̊A), indicating that the induced error might be low.

2.3 Synthesis of PbS QDs

PbS quantum dots are synthesized following the procedure developed

by Moreels et al..22 Here, we summarize the main steps in this synthesis

and the most important materials characteristics.
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Figure 2.6: (a) Series of CdTe QD spectra for two particle sizes of 4.9 nm and

10.9 nm shown at the bottom and the top, respectively. The spectra are taken

at different times during storage at ambient conditions. (b) The decrease in

effective size for the bottom spectra in (a) is 1.5Å in 20 days. (c) The decrease

in effective size for the top spectra in (a) is 1.8Å in 20 days.
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Figure 2.7: ((a) Wavelength position reproduced from22 of the first 1S-1S

aborption peak as function of reaction time and temperaturefor PbS QDs.

The diamond and circle represent the synthesis without TOP and with TOP,

respectively. (b) PbS QDs absorption spectra illustratingthe spanning from

≈ 800− 2000nm. The labeling indicates the corresponding size.

2.3.1 Synthesis procedure

Used chemicals

For the synthesis of PbS quantum dots, lead(II) chloride (PbCl2, 99.999%,

Alfa-Aesar) and sulfur (S, 99.999%, Strem Chemicals) were used for

preparing the initial precursors. Tri-n-octylphosphine (TOP, 97%, Strem

Chemicals), oleic acid (OlAc, 90%, Sigma-Aldrich) were used as lig-

ands and oleylamine (OLA, 80-90%, Acros Organics) was used as the

solvent. Finally, analytical grade ethanol and toluene, purchased from

VWR were used for purification and storage.

Precursor preparation

A sulfur precursor is prepared before the actual synthesis by dissolving

0.16 g (5 mmol) of sulfur in 15 mL of oleylamine (OLA). The solution

is heated up in a nitrogen atmosphere (glovebox) till 120◦C. After 1/2h

of reaction, all the sulfur has dissolved resulting in a 0.33M OLA-S

solution with a dark-red color.
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Actual synthesis

Prior to the injection, 3 mmol (0.834 g) of lead(II)cloride (PbCl2) is

weighted in a three-neck flask, 7.5 mL of oleylamine (OLA) is added

and the mixture is heated up till 125◦C and left for 1/2h. A nitrogen

flow is send in the flask to remove any evoparating impurities.The so-

lution is then put under a nitrogen atmosphere and brought tothe target

temperature for injection. Hereafter, 2.25 mL of 0.33 M OLA-S is in-

jected, which typically results in a temperature drop of 5-10◦C and the

resulting growth temperature is maintained throughout thereaction. De-

pending on the required particle size, the target temperature and reaction

time are determined22 as shown in Fig. 2.7b. For smaller target sizes (1-

3 nm), 375µmol (170µl) of tri-n-octylphosphine (TOP) is added to the

2.25 mL OLA-S anion precursor at room temperature. This replaces

50% of the OLA-S by TOP-S and results in a wider range of accessible

size ranges22. After the growth 10 mL of toluene is added to quench

the reaction followed by 18 mL of EtOH. The suspension is set for cen-

trifugation. Hereafter, the supernatant is decantated andthe QDs are

resupsended in 10 mL of toluene.

Ligand exchange. Using solution NMR spectroscopy, the PbS QDs

as described above where shown to be capped by oleylamine22. This

is a labile ligand which results in aggregation and clustering of the

PbS QDs during further purification. To avoid this, the OLA ligands

are exchanged for oleic acid (OlAc) molecules. Typically, 1.5 mL of

OlAc is added together with toluene to the QDs suspension in a1.5:10

OlAc:toluene ratio. Hereafter, the QDs are precipitated with EtOH and

resuspended in toluene. This ligand exchange procedure is repeated and

in a final step the QDs are precipitated once more with EtOH to remove

any excess of free OlAc in the suspension.

Removal of PbCl2. After the ligand exchange, the PbS QD suspen-

sions still appear to be slightly turbid. This is due to presence of unre-

acted PbCl2 resulting from the synthesis. The PbCl2 QD suspension are

81



Chapter 2. Q-Synthesis 82

placed in a centrifuge for 5-6 h resulting in a clear supernatant with the

QDs in toluene, which is decantated and stored in a fridge.

2.3.2 Basic material properties

The QD material characterizations, e.g.spectra, crystal structure, size

andconcentration, are done relying on literature reports and using ab-

sorption spectroscopy. A known volume amount of the QD samples

is taken out and the toluene is being dried out using a nitrogen flow.

The QDs are resuspend in tetrachloroethylene (C2Cl4) liquid. Oppo-

site from toluene, C2Cl4 is a transparent liquid in the visible and near-

infrared range, allowing for a quantitative characterization of the PbS

QDs materials. The measured spectra for the different syntheses with

the corresponding sizes are illustrated in Fig. 2.7(b).

Using XRD and high resolution TEM measurements on individual par-

ticles23, the PbS QDs were shown to be quasi-spherical and to have

the rocksalt crystal structure, with a lattice parameter equal to bulk PbS

(a = 5.936Å ).

2.3.3 Sizing curve

The size of the above described QDs is extracted using the sizing curve

of PbS QDs23 :

Eg = 0.41 +
1

0.283d + 0.0252d2
(2.6)

2.3.4 Extinction coefficients

The concentrationc of the PbS QD suspensions described in the pre-

vious sections is determined using the Beer-Lambert law at 400 nm as

given in Eq. 2.4 andǫext the molar extinction coefficient at 400 nm22:

ǫext,400 = 0.0234 d3 (2.7)

with d the size in nm and the corresponding unit incm−1/µM.
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2.3.5 Stability under ambient atmosphere

The PbS QDs as prepared by the given synthesis procedure and capped

by OlAc ligands were shown to be stable under ambient atmosphere23.

After six weeks following the synthesis, the spectra of the PbS QDs

remained unchanged.

2.4 Synthesis of PbS/CdS QDs

2.4.1 Synthesis procedure

Used chemicals

The chemicals needed for PbS/CdS core shell QDs are the same as those

mentioned before for the synthesis of PbS core particles. Additionally,

diphenyl ether (DPE,>99%, Sigma Aldrich) is purchased.

Precursor preparation

Before the actual synthesis a cadmium oleate (CdOA) precursor is pre-

pared by adding 15.58 mmol (2 g) of CdO together with 19.77 mL of

OlAc in a three-neck flask. All reagents are loaded in a singleflask and

put under a nitrogen atomsphere at a temperature of 125◦C for 45 min.

Next, the temperature is increased till 200◦C untill all the compounds

are liquefied. Finally, diphenylehter is added to dilute themixture to a

solution with a cadmium concentration of 0.35 M.

Actual synthesis

In the following, the synthesis and material characterization of core shell

QDs will be demonstrated for nanocrystals absorbing at 1450nm. The

PbS QDs were prepared using a procedure as described above, where

the synthesis conditions were chosen such that oleate capped PbS QDs

with a first exciton absorption at 1590 nm – corresponding to adiam-

eter of 6.2 nm – were formed (see blue line in Fig. 2.8). For theCdS

shell growth, a cationic exchange procedure was used, starting from a

5.7µM QD dispersion in toluene. The dispersion was heated to 125◦C in
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Figure 2.8: (a) TEM image of 6.2 nm PbS/CdS core/shell QDs. (b) The QDs

core shell exciton absorption (red line) shows a blueshift,after cationic ex-

change procedure, compared with the QD core exciton absorption (blue line).

a reaction flask placed in an nitrogen atmosphere. Cadmium oleate was

added in a 20:1 Cd to Pb ratio. This starts a cationic exchangeprocess

in which the outer Pb2+ cations are replaced by Cd2+ cations, leading

to a heterostructure with a PbS core and a CdS shell. The reaction was

stopped by quenching with a double amount of ethanol as compared to

the reaction volume. After centrifugation and decantationthe PbS/CdS

QDs were suspended in toluene.

2.4.2 Basic material properties

Similar to PbS core QDs, the characterization of the PbS/CdSnanocrys-

tals is done relying on literature reports24;25 and using absorption spec-

troscopy. Again, a known amount of the QD sample is taken out and

the toluene is being dried out using a nitrogen flow. The QDs are re-

suspended in tetrachloroethylene (C2Cl4). The TEM micrograph of the

sample is shown in Fig. 2.8(a) and as illustrated in Fig. 2.8(b) the exciton

absorption is shifted from 1590 nm to 1450 nm indicating an increase in

the bandgap and the formation of a core/shell particle.

To quantify the size of the core particles and the concentration of the

QDs it is important to know how the size is affected after the cationic
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exchange. Zhao et al.24 showed that by using X-ray diffraction the Pb-

S/CdS quantum dots form a gradual transformation from a rocksalt

PbS pattern to a zinc blende CdS pattern, confirming the formation of

core/shell structured nanocrystals. Moreover, the overall diameter is not

expected to change, due to the small difference in the lattices constants

of the cubic PbS rock salt (5.94̊A ) and cubic zinc blende CdS (5.83Å ).

By using TEM analysis this conclusion is further confirmed byvarious

literature reports where the cationic exchange reaction leaves the overall

diameter unchanged.

2.4.3 Sizing curve

To estimate the CdS shell thickness and the average diameterdc of the

PbS core particles in the PbS core/shell QDs of our sample, itwas shown

by Justo et al.25 that dc obtained from ICP-OES (inductively coupled

plasma- optical emission spectroscopy) is exactly the samevalue as the

core diameter obtained by applying the PbS sizing curve to the peak

wavelengthλ1S−1S of the first exciton transition of PbS/CdS core/shell

QDs. Therefore Eq. 2.6 can be used, but by evaluation at a sizeequal to

dc:

Eg = 0.41 +
1

0.283dc + 0.0252d2c
(2.8)

This yields after solving the above equation forλ1S−1S = 1450 nm

(Eg = 0.855 eV), adc value of 5.8 nm. Given the total sizedtot of the

PbS/CdS core/shell QDs to 6.2 nm, a shell thicknessδ = dtot−dc
2 of

0.4 nm is found.

2.4.4 Extinction coefficients

Unlike PbS core QDs as outlined in in section 2.2.4, the molarextinc-

tion coefficientǫext is not expected to merely scale with the volume

for PbS/CdS core/shell QDs and therefore a straightforwardrelation be-

tween this quantity and the concentration is not possible. Furthermore,

no literature reports the determination ofc via this procedure. Other

route is reported25 using the intrinsic absorption coefficientµi of Pb-

S/CdS core/shell QDs and it is shown thatµi depends on the ratiop of
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the CdS shell volume (Vs) to the total PbS/CdS volume (Vtot)). In this

context, we can rely on their reported ICP-OES data at 400 nm to cal-

culateǫext,400 and suggest following form for the extinction coefficient

(see Appendix A.1) :

ǫext,400 = Ap d
3 (2.9)

With d the total QD size in nanometer,ǫext,400 in cm−1

µM andAp a pref-

actor depending onp:

Ap = 0.02392 + 3.2599 10−3 p− 1.6414 10−3 p2 − 1.2092 10−2 p3

(2.10)

In Eq. 2.9, we maintained the volumescaling and fitted the data using a

third degree polynomial prefactor. Note that at zerop-values the above

prefactor is in line with the reported one for PbS QDs.

2.4.5 Stability under ambient atmosphere

Since PbS QDs were shown to be stable under ambient atmopshere,

adding a CdS shell will increase the protection of the core inthe core/shell

nanocrystals rendering the PbS/CdS QDs to be very robust under ambi-

ent atmosphere and therefore suitable for post-treatmentsand QD-layer

depositions.

2.5 Conclusion

CdTe QDs were synthesized with sizes varying from 3 to 11 nm us-

ing the hot injection method. The bandgap is tunable between500

nm and 760 nm, or 1.6-2.48 eV. The large quantum dot size were ob-

tained using a continuous injection of precursors at a controlled reaction

time, avoiding Ostwald ripening. The sizing curve of the CdTe QDs is

constructed by combining UV-vis-absorption spectroscopyand TEM-

imaging. PbS core and PbS/CdS core/shell QDs are synthesized using

the hot-injection method. Nanocrystal sizes from 2.5-7.5 nm are ob-

tained with absorption peaks in the range 800-2000 nm or 0.62-1.5 eV.
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3
Linear optical properties of multishell

and graded shell quantum dots

3.1 Introduction

In the last decade, significant progress has been made on passivation

of QDs. Passivation decreases the influence of the surface onthe elec-

trons and holes from the surrounding medium and makes the QDsless

vulnerable to photo-oxidation and trap states. Therefore,well passi-

vated nanocrystals show increased photoluminescence quantum yield

(PLQY), are chemically robust and stable for post-treatments1–3. The

prevailing strategy of passivating nanocrystals is by epitaxially growing

one or multiple inorganic shell(s) oflarger bandgap around the QD core,

creating so called Type I core/shell QDs4–8. As an example, CdSe core

QDs are coated with a CdS and/or ZnS shell, yielding nanocrystals9

with an increased PLQY. Nevertheless, lattice strain at thecore/shell in-

terface limits further improvement of the PL. An alternative to core/shell
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QDs are graded shell particles10, e.g., interface alloying between a CdS

and a ZnS shell around a CdSe core yields a smooth potential transition

at the outer layer of the CdSe/CdxZn1−xS graded shell QDs, decreas-

ing the interfacial tension and resulting in an almost unityPL quantum

yield11.

In this perspective of increasing progress in colloidal nanocrystal re-

search, characterizing the opto-electronic properties ofall of these QDs

is essential. Hereby, an important quantity is the intrinsic absorption

coefficientµint, which is related to the molar extinction coefficient.

Knowledge of this extinction coefficient in combination with the ab-

sorbance spectrum of nanocrystals in a colloidal suspension and the

Beer-Lambert law, the concentration of the QDs in the solution can be

extracted. In previous works,µint values were reported for dispersed

PbS, PbSe, CdSe, CdTe core QDs12–15. Core/shellµint values are avail-

able for PbSe/CdSe and PbS/CdS QDs16;17. In contrast, no literature

reports on the intrinsic absorption coefficient of CdSe/CdScore/shell

or CdSe/CdSexS1−x/CdS core/graded alloy/shell QDs containing an al-

loyed innershell. Alloying may (unintentionally) rise through thermal

diffusion of the atoms at the core/shell interface as illustrated by Tschirner

et al.18 for CdSe/CdS QDs. Alternatively, alloying may be suitably

introduced through a control of the precursor anion or cation reactivi-

ties11.

Besides exploiting intrinsic absorption coefficients to fulfill (recent) de-

velopments in synthesizing multi- and graded shell QDs, it is important

to check the amount of studies available reporting consistently same

µint values for core QDs. This excludes errors introduced as operator-

bias. Using this consistency check, molar absorption coefficients for

CdSe QDs published by Yu et al.15, for example, were re-examined

by Jasieniak et al.19 leading to considerably improved values. Similar

studies were provided for PbSe and PbS QDs12;13;20. Moreover, in the

latter studiesµint values were compared with bulk values. Furthermore,

together with CdSe, CdTe is one of the first key QDs that was synthe-

sized21, yet the amount of available studies reportingµint values are
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very scarce15 and none of them were consistently verified or compared

with bulk values.

In this chapter we will present a generalised description ofthe theo-

retical intrinsic absorption coefficients of core, core/shell, multi- and

graded shell QDs by applying Maxwell-Garnett theory toghether with

the transmission line analogy for determining the particlepolarizability

in (semiconductor) spherically shaped particles. Next, wewill present a

study of the intrinsic absorption coefficient of CdTe QDs at short wave-

lengths (300 nm) and around the bandgap of the QDs. Theµint values

will be obtained by combining UV-vis absorption spectroscopy, elemen-

tal analysis together with the sizing curve as determined inthe second

chapter using TEM-analysis. We will show that integratedµint values

around the bandgap deviate by a factor of 3 from published reports, mak-

ing the latter ones not reliable for use. Moreover, at short wavelengths,

we will identify wavelength regions where size quantization is absent

and the absorption coefficient is close to the bulk values. These val-

ues yield a reliable standard for use in characterizing CdTenanocrystal

suspensions.

Finally, we will determine the intrinsic absorption coefficient of CdSe/

CdSexS1−x/CdS QDs. Based on Maxwell-Garnett theory for a multi-

layered particle and an alloying model considering the diffusion of the

Se and S atoms at the respective inner CdSe and outer CdS shell, we

show that intrinsic aborption coefficients of CdSe/CdS core/shell QDs

are comparable to CdSe/ CdSexS1−x/CdS core/alloy/shell QDs within a

5% error of calculation. As a result,µint values of CdSe/CdS core/shell

QDs can be employed to determine the concentration of the alloyed

CdSe/CdSexS1−x/CdS QDs. Moreover, our theoretical description is

general, as it allows to determineµint for spherical shaped graded par-

ticles and can therefore be used as a model system for all material types

of complex layered QDs.
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3.2 Theory

3.2.1 Maxwell-Garnett theory for µ

A dilute dispersion of colloidal semiconductor nanocrystals in a organic

solvent can be considered as a composite with a Maxwell-Garnett ge-

ometry22–24. The theory is applicable point-like particles with a com-

plex polarizabilityαP that must be spherical and randomly dispersed

in a (transparent) dielectric medium (host) with a dielectric constantεh.

Based on this assumption a complex effective dielectric constantεeff is

derived containing all the information upon interaction ofthe particles

by an optical field:

εeff = εh
1 + 2fβ

1− fβ
(3.1)

β =
αP

3V1dot εh
(3.2)

These formulae relateεeff to the volume fractionf of the particles in

the composite,i.e., the ratio between the volume of the particles and

the total volume of the composite.V1dot is the total volume of a single

particle. At low volume fractions (f << 1) as is typically the case for a

composite of colloidal QDs in dispersion, Eq. 3.1 is simplified using a

Taylor expansion up to a first order inf :

εeff = εh(1 + 3βf) +O(f2) (3.3)

neff =
√
εeff =

√
εh(1 +

3

2
βf) +O(f2) (3.4)

The complex effective refractiveneff allows then to access the effec-

tive absorption coefficientµ = − ln(T )
L – with T the optical transmit-

tance through the composite of a lengthL – of the QDs dispersed in a

(transparent) host with a refractive indexnh:

µ =
4πℑ(neff )

λ
=

2π

λnh
ℑ(3β εh f) (3.5)

From this expression we observe thatµ scales with the volume fraction

and therefore by dividingµ by f , the theoretical intrinsic absorption
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coefficientµint is derived :

µint =
2π

λnh
ℑ(3β εh) (3.6)

This quantitiy is important, because it yields a property independend of

the QD concentration. As we will show, this theoretical expression for

µint can be experimentally verified by analyzing the absorbance (Aλ) at

a short wavelength,e.g.300 nm, for various samples of QDs occupying

a volume fractionf in a cuvette with a lengthL:

µint =
Aλ ln(10)

fL
(3.7)

From the above equation it is clear that a straightforward comparison

between expression 3.7 and 3.6 is possible once the parameter β or

equivalently the polarizabilityαP is known. In literature, formulae for

polarizabilities of different types of spherical particles have been pro-

vided. At first, solutions for homogeneous spheres are reported, i.e.,

core or core/shell particles25;26. Secondly, graded particles are con-

sidered where the material properties vary in space and the dielectric

function may depend on the radial position in the particle. In this case,

solutions are only given for a continuous dielectric function profile by

Dong et al.27, meaning that the grading should be present throughout

the whole particle along the radial direction. In addition,the solution

in Dong et al.27 is only applicable for dielectric function profiles with

small slopes. Finally, the solution of an N-layered multishell particle is

provided28.

In our work, we will rely on the latter solution and transformit to be

suitable for generally more complex graded particles with adiscontinu-

ous or continuous dielectric function profile. Moreover, norestrictions

on the profiles will be assumed. Before we will move to the explicit so-

lution of αP , we will introduce the local field factor, a quantity closely

related toµint and therefore important in understanding the absorbance

of colloidal QD dispersions.
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Figure 3.1: A schematic of a N-layered multishell dielectric particle presented

together with the respective dielectric constants (εi) in each region.εh denotes

the dielectric function of the surrounding medium (host).r1..rN are the radial

distances from the particle center to the corresponding shell regions.

3.2.2 Local field factor of multi- and graded shell QDs

The local field factor is defined as the amount of field amplitude that

penetrates the centre of the QD as compared to the incoming field. The

importance of this quantity can hardly be underestimated asit is directly

influenced by the material properties of the QDs and its surrounding

medium. For instance, the same amount of QDs dispersed in twodif-

ferent solvents with various refractive indices will result in dissimilar

absorbance values, because the local field that the QDs feel in each of

the two media is different and influenced by the solvent environment.

Based on the above formulation the local field factor reads :

fLF = −Ein.E0

E2
0

(3.8)

E0 is the incoming field andEin is the local field that particles internally

feel at their centre. For a homogeneous particle the internal electric field

is static and is derived as the gradient of the scalar potential Φ:

Ein = −∇Φin (3.9)

Based on Gauss’s flux theorem29;30 for a source free medium (∇.Ein =

0), the solution for the internal potential is reduced to solving the Laplace
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equation :

∇2Φin = 0 (3.10)

In spherical coordinates (r,θ,φ) – with r the radial distance,θ the polar

angle andφ the azimuthal angle – the solution for the Laplace equation

is seperable and designating the incident field on the spherically shaped

particles along the z-axis (E0 = E0ez, with ez the unit vector along the

z-direction) the solution for Equation 3.10 is written as:

Φin = −A1E0rcos(θ) +B1E0r
−2cos(θ) (3.11)

Here,A1 andB1 are two unknown parameters. At the core of the parti-

cles (r →0), the field cannot diverge to infinity (B1 = 0) and therefore

Equation 3.11 is simplified to the first term :

Φin = −A1E0rcos(θ) (3.12)

The gradient of the above potential within the core of the particles is

proportional toez – which is equivalent tocos(θ)er− sin(θ)eθ in spher-

ical coordinates – and therefore substituting the resulting internal field

in Eq. 3.8 yields following convenient result for the local field factor :

fLF = A1 (3.13)

This infers that once the amplitudeA1 is found, the local field factor is

directly accessed by identifying itA1. To determineA1, we consider

the multishell geometry given in Fig. 3.1, where the field in the core –

denoted as the first region – is related to the field in the adjacent regions

by the boundary conditions. Moreover, in each regioni a potentialΦi

exists obeying∇2Φi = 0, with a general solution :

Φi = −AiE0rcos(θ) +BiE0r
−2cos(θ) (3.14)

The first term is proportional tor, while the second term scales withr−2.

The gradient of the latter term is propotional tor−3, typical for a dipole

field radiating in the z-direction. These two terms can be understood as

inward propagating and reflecting fields. This is an interpretation simi-

lar to the one used in transmission line theory in electricalengineering
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where it is typically used in estimating voltage levels within coaxial ca-

bles31. Based on the boundary conditions,i.e, the normal component of

the field displacementDn – which equalsεEn – and the electric field

along the tangential directionEt should be both continuous at a bound-

ary, following relations are derived at the boundary between regioni−1

andi :

∂Φi

∂θ
=

∂Φi−1

∂θ
(3.15)

εi
∂Φi

∂r
= εi−1

∂Φi−1

∂r
(3.16)

Application of these conditions directly to Eq. 3.14 yields:

−Ai +Bir
−3
i = −Ai−1 +Bi−1r

3
i−1 (3.17)

εiAi + 2εiBir
−3
i = εi−1Ai−1 + 2εi−1Bi−1r

3
i−1 (3.18)

These two expressions are rewritten in following type 2×2 matrix forms

:
[

Ai−1

Bi−1

]

= P̄i−1 ×
[

Ai

Bi

]

[

Ai

Bi

]

= R̄i−1 ×
[

Ai−1

Bi−1

]

with P̄i−1 and R̄i−1 the propagationand reflectionmatrices, respec-

tively at the boundaryi− 1:

P̄i−1 =
1

3εi−1

[

2εi−1 + εi 2(εi − εi−1)r
−3
i−1

(εi − εi−1)r
3
i−1 (εi−1 + 2εi)

]

and

R̄i−1 =
1
3εi

[

εi−1 + 2εi 2(εi−1 − εi)r
−3
i−1

(εi−1 − εi)r
3
i−1 (εi−1 + 2εi)

]

Note that indeed̄Ri−1 = P̄−1
i−1, or the reflection matrix is the inverse of

the propagation matrix. These matrices can be used to relatethe electric

field amplitude inside and outside the QDs:
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[

A1

B1

]

= P̄1 × P̄2 × ....P̄N ×
[

Ai

Bi

]

= ¯̄PN

[

AN

BN

]

Here, ¯̄PN includes the individual propagation matrices at the differ-

ent regions and is conveniently denoted as the total propagation matrix.

Similarly, the field amplitude inside and outside the particles is related

via the reflection matrices :

[

AN

BN

]

= R̄N × R̄N−1 × ....R̄1 ×
[

A1

B1

]

= ¯̄RN

[

A1

B1

]

(3.19)

with ¯̄RN the resulting total reflection matrix. Recalling that once the

field penetrates the coreB1 equals 0 and noting that the field in the outer

region (host) arriving from infinity – distance far away fromthe outer

shell – is merely due to the applied field (AN+1 = 1), a final expression

for the local field factor is found :

fLF = A1 =
1

[

¯̄RN

]

1,1

(3.20)

This formula can now be employed to obtain closed form expressions

for the local field factor of QD core, core/shell and core/shell/shell par-

ticle types.

Core particle

Assuming a core particle withε1 = εc and ε2 = εH the dielectric

functions of the core and the host medium respectively, the local field

factor based on Eq. 3.20 reads:

fLF =
3ε2

ε1 + 2ε2
=

3εh
εc + 2εh

(3.21)

In agreement with literature reporting from Ricard et al.25.
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Core/shell particle

Using ε1 = εc, ε2 = εsh andε3 = εH , the dielectric functions of the

core, shell and the host, respectively, Eq. 3.20 yields the local field factor

for a core/shell particle type as:

fLF =
32ε2ε3

(ε1 + 2ε2)(ε2 + 2ε3) + 2(ε1 − ε2)(ε2 − ε3)
r31
r3tot

(3.22)

Here,r1 andrtot denote the core and the total radius, respectively. Again

this expression is in agreement with a previous result from Neeves et

al.26, confirming the reliance of the procedure used here based on the

transmission line analogy.

Core/shell/shell particle

In line with the above results, a close expression can be obtained for a

core/shell/shell particle type withε1 = εc, ε2 = εsh,1, ε3 = εsh,2 and

ε4 = εH signifying the dielectric function of the core, inner shell, outer

shell and the host, respectively :

fLF =
33ε2ε3ε4

(ε3 + 2ε4)κ1 + 2(ε3 − ε2)κ2
(3.23)

κ1 =

[

(ε2 + 2ε3)(ε1 + 2ε2) + 2(ε2 − ε3)(ε1 − ε2)
r31
r32

]

(3.24)

κ2 =

[

(ε1 + 2ε2)(ε2 − 2ε3)
r32
r33

+ (2ε2 + ε3)(ε1 − ε2)
r31
r32

]

(3.25)

with r1, r2 andrtot the respective radius of the inner shell, outer shell

and the total particle.

3.2.3 µ solution for a multishell QD

To determine the intrinsic absorption coefficient we recallEquation 3.6,

whereµint can be calculated onceβ is known, a factor depending on

the polarizabilityαP . The polarizability of a particle, is the ability of

the particle to be locally polarized upon excitation with anoptical field.

This dipole field generates a new field and the strength of thisfield de-

termines the magnitude of the polarizability. In the previous section,
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the solution for the strength of this field was determined based on the

transmission line anology from electrical engineering of finding the am-

plitudes of forward and backward propagating electric waves in the dif-

ferent piecewise homogeneous regions (shells). Based on this solution

an expression forαP will be obtained and by appropriately defining the

boundaries of the regions : homogeneous core, shells and theinhomo-

geneous alloyed region, a reliable solution forµint will be found for a

general QD system,i.e., one with an arbitrary type of dielectric function

profile.

Having determined the potential of an N-multilayered dielectric particle

ΦN+1 in the outer regionN + 1 (Fig. 3.1) as shown by Equations 3.14

and 3.19, the possiblity exist to relate this expression to the potential of

a dipolep = pez present in a host medium with a dielectic constantεH

:

ΦN+1 =
p.er

4πεHr2
=

αPE0cos(θ)

4πεH
(3.26)

Comparison with Eq. 3.19 yields for the polarizability:

αP = 4πεHBN+1 (3.27)

Given the expression for the intrinsic absorption coefficient (Eq. 3.6),

this result is simplified :

µint =
6π r3tot

λ
ℑ(

[

¯̄RN

]

2,1
fLF ) (3.28)

or in the more standard form as outlined in Eq. 3.6:

µint =
2π

λnh
ℑ(3β εh) (3.29)

β =
nh

[

¯̄RN

]

2,1
fLF rtot

εh
(3.30)

with rtot the total radius of the particle. This equations show that, for

spherical multilayered particles dispersed in a transparent host, the in-

trinsic absorption coefficient depends on the product of thelocal field
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factor and the matrix element
[

¯̄RN

]

2,1
. While the former factor indi-

cates the amount of power that is permitted to enter the core,the latter

factor accounts for the dielectric shielding of the core dueto the sur-

rounding shells. Moreover, both factors depend on the dielectric con-

stantsε1..εN in the marked regions of the multilayered particle and once

this values are known, a direct solution forµint is obtained for QDs of

a multishell type. Interestingly, by a good partitioning (Fig. 3.2) of the

different regions of the multishell particle this solutioncan be extended

to following casesof particle types :

1. core/shell/shell

2. core/shell/graded alloy

3. core/graded alloy/shell

4. core/graded alloy

5. graded alloy

From case 1 till case 3, three regions can be distinguished : acore , inner

and outer region. Each region can be either alloyed or non-alloyed. An

alloyed particle indicates that the composition of the material is a mix

of cation or anion bindings,e.g. CdSxSe1−x. If these mixed bindings

are uniformly distributed along the inner or outer shell – homogeneous

alloy – of a particle, the solution forµint for this homogeneous alloys

is reduced to finding the solution for the first case, signifying that the

dielectric properties of the shell are constant along the alloyed region.

In the other cases, the alloy will gradually change composition along the

particle and the region could be located at the inner or outershell. This

will result in an inhomogeneous particle, yielding a radialdependence of

the dielectic function, which we will denote asεalloy(r) for the graded

alloyed region in the nanocrystal.

The elegance of the above solution forµint is that by defining the bound-

ary of the core, shell and the graded alloy and by discritizing the (graded

alloy) dielectric function at radial positionsri one can uses the multi-

shell results ofβ andµint , i.e., by combining the geometry given in
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core

shell
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Figure 3.2: Partitioning – allocation of the boundaries – ofa multilayered par-

ticle to obtain the solution for the particle types in (a) case 3 (core/graded

alloy/shell) and (b) case 2 (core/shell/graded alloy).

Fig. 3.1 together with the expressions 3.30, 3.29. The graded alloy ma-

terial in the particle is then considered as piecewise homogeneous with a

uniform dielectric functionεalloy(r = ri) along a suffciently small shell

thickness (∆ r = ri+1 − ri). Figure 3.2 illustrates the allocation of the

boundaries for case 3 and case 2. This allows us to derive expressions

for the total dielectric function along the nanocrystal radial direction for

the different cases of particle types:

1. core/shell/shell

εcore = ε1, rcore = r1 (3.31)

εinnershell = ε2, r2 = rtot − rcore

εoutershell = ε3, r3 = rtot
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2. core/graded alloy/shell

ε1 = εcore, r ≤ r1, r1 = rcore (3.32)

εi = εalloy(r = ri), r1 < r < rN−1,

ri = r1 +
rN−1 − r1
N − 2

(i− 1), i = 2, .., N − 2

εN = εshell, rN−1 ≤ r ≤ rN rN = rtot

3. core/shell/graded alloy

ε1 = εcore, r ≤ r1, r1 = rcore (3.33)

ε2 = εshell, r1 < r ≤ r2

εi = εalloy(r = ri), r2 < r < rN ,

ri = r2 +
rN − r2
N − 2

(i− 2),

i = 3, .., N − 1, rN = rtot

4. core/graded alloy

ε1 = εcore, r ≤ r1, r1 = rcore (3.34)

εi = εalloy(r = ri), r1 < r < rN ,

ri = r1 +
rN − r1
N − 1

(i− 1)

i = 2, .., N − 1, rN = rtot

5. graded alloy

εi = εalloy(r = ri), 0 < r < rN , (3.35)

ri =
rN i

N
, i = 1, .., N − 1

rN = rtot

When implementing the above dielectric functions for computing the

solution ofµint, N should be large enough for
∣

∣

∣

(εi+1−εi)
εi

∣

∣

∣
to be suffi-

ciently smaller than one. If this condition holds,∆r will be very small

enabling the use of Eq. 3.29.

104



Chapter 3. Q- multi- and graded shell properties 105

3.3 Absorption coefficient of CdTe QDs

3.3.1 µ at short wavelengths

In the previous chapter we determined the average size of theCdTe

nanocrystals using TEM-imaging and we related the size to the 1S-1S

absorption peak determining the sizing curve. Apart from the average

size, the concentration of (semiconductor) nanocrystals in solution can

be determined from the absorption spectra using the intrinsic absorp-

tion coefficient (µint) or the molar extinction coefficient (ǫext) at short

wavelengths, especially in the ranges around 400 and below 340 nm.

For ZnO32, InAs33, PbSe13, PbS12, CdSe14 QDs, both quantities have

already been compared to bulk values and it has been shown that µint

tends to coincide at short wavelengths. Experimentally, the intrinsic ab-

sorption coefficient is provided in Eq. 3.7. This equation relates the ab-

sorbanceAλ – measured via absorption spectroscopy – of the dispersed

QDs in a cuvette with a lengthL to the occupied volume fractionf by

the QDs. For nanocrystals with a sized and a molar concentrationc, the

volume fraction is given by :

f = cNA
πd3

6
(3.36)

with NA Avogadro’s constant. The concentrationc is obtained through

elemental analysis of the QDs dissolved in a HNO3 solution. The CdTe

QDs will decompose in Cd and Te atoms and via inductively coupled

mass spectroscopy (ICP-MS), the concentration of the cadmium in so-

lution CCd (mg/L) is determined from whichc is calculated as:

c =
6CCdaCdTe

8πd3MCd
(1 +

1

ρ
) (3.37)

aCdTe=0.648 nm is the lattice parameter of a CdTe zincblende (zb) unit

cell . ρ is the Cd:Te ratio determined via Rütherford backscattering spec-

troscopy (RBS) and accounts for the enriched surface of CdTeQDs with

an excess of Cd-atoms.MCd is the molar mass of cadmium. Table 3.1

illustrates the data for the different QD sizes.
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d (nm) CCd (mg/L) ρ A410 (cm−1) c (10−6mol/L)

3.19 111.3 1.39 0.199 0.5685

3.73 236.1 1.13 0.429 0.0825

4.14 483.4 1.20 0.286 0.4013

5.20 255.2 1.14 0.466 0.3284

5.67 123.7 1.09 0.221 1.2530

7.65 97.8 1.12 0.297 0.0598

10.97 122.5 1.07 0.360 0.0257

Table 3.1: CdTe sized, cadmium weight concentrations CCd as obtained by

ICP-MS measurements,ρ is the RBS Cd:Te ratio,A is the absorbance at

410 nm of the CdTe QDs dispersed in toluene andc is the calculated concen-

tration of the suspensions used.

Based on the elemental analysis and absorption spectroscopy and by

combining Eq. 3.7 and Eq. 3.36, the spectral dependence ofµint is de-

termined as shown in Fig. 3.3a for different sizes of QDs dispersed in

toluene. From the inset in Fig. 3.3a we observe a distinct shoulder fea-

ture around 365 nm that shifts from shorter wavelengths for smaller QDs

towards 365 nm for larger QDs. In addition, the feature becomes more

pronounced for larger QDs. This is a clear signiture of size-quantization

effects at 365 nm and has been attributed to theE1 transition along the

initial and final energy states of theΛ direction in the Brillouin zone35.

Similar observations have been made for theE1 transition in PbSe QDs

along theΣ direcion of the Brillouin zone36. Importantly, due to the

size-quantization effects in this wavelength region theµint spectra are

not suitable for use as a standard value to determinef or c from an

absorbance measurement.

Unlike the wavelength range at 365 nm, size quantization effects are

less pronounced around 400 nm or below 340 nm, and the spectratend

to overlap in these regions. This is in line with literature13, where at re-

gions of higher energy band states and where the bulk spectrum do not

possess distinct features, an absence of quantum confinement is found

in the QD-spectra. The black line in Fig. 3.3a illustrates this for bulk

CdTe (µi,th) at the denoted wavelengths. The bulk spectrum is calcu-

106



Chapter 3. Q- multi- and graded shell properties 107

lated based on Eq. 3.6 using the dielectric constants of the bulk CdTe

material37. Figure 3.3b showsµi,310 nm andµi,410 nm as a function

of the sized. Both values are largely size independent marking the ab-

sence of quantum confinement. Theµint values are averaged yielding

a mean intrinsic aborption coefficientµi,mean around both wavelengths

as shown by the dashed lines. Fig. 3.3c shows that the relative standard

deviation forµi,mean is minimal at 410 nm. Consequently, theµint at

this wavelength is the proper choice for use as a standard value for the

determination off or c. For the CdTe QDs dispersed in toluene we find

:

µi,mean,410 = 7.55 104cm−1 (3.38)

Moreover, this value is only 16% lower thanµi,th and a similar observa-

tion has been made in zb-CdSe QDs14. The value in Eq. 3.38 is applica-

ble for QDs dispersed in toluene and can be extended to solvents with a

refractive indexns close to the value of toluene (n=1.52). However, the

dependence ofµint on the solvent may involve the dependence of the

refractive index on the ligand molecules , which is not well understood,

and the value in Eq. 3.38 should be multiplied byAtoluene

Asolvent
(determined

from different QD-sizes) for a proper calibration.

3.3.2 µ at the bandgap

Although less consistent than intrinsic absorption coefficients at short

wavelengths, literature data are typically available at the bandgap15.

Following the procedure of Cadimartiri et al.38, which has been ex-

panded by Moreels et al.13., we calculate an energy integrated intrinsic

aborption coefficientµi,gap,eV at the bandgap transition, by doubling the

integrated low energy half of the first exciton absorption peak. The spec-

tra are obtained using the elemental analysis procedure as outlined in the

previous section. Alternatively,µi,gap,eV can be obtained by normaliz-

ing the spectra using the mean value ofµint,410. In this way,µi,gap,eV

follows from the energy integrated absorbanceAgap (eV/cm) of the first

absorption peak :

µi,gap,eV =
Agap

A410
µint,410 (3.39)
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Figure 3.3: (a) Intrinsic absorption coefficientµi of different sizes in toluene

of CdTe QDs as determined by combining elemental analysis with absorption

spectroscopy. The black line representsµi,th of bulk CdTe calculated using

the bulk dielectric function of CdTe37. (Inset) zoom ofµi-spectra at the short-

wavelength range. (b)µi at 330 nm and 410 nm of differently sized QDs in

toluene (dots), together with the theoretical valueµth (full lines) and the mean

valuesµi,mean at the respective wavelengths (dashed lines). (c) Procentual de-

viation fromµi,mean at the short-wavelength range calculated using the spectra

shown in (a).
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Figure 3.4: Absorption coefficient at the bandgapµgap as a function of the QD

diameter (bottom axis) and the 1S-1S absorption peak (top axis). The filled

blue circles represent experimental data obtained by elemental analysis and the

open circles are calculated data according to Eq. 3.39. The blue line is the best

fit (Eq. 3.40) and the filled squared are converted data from Yuet al.15.

109



Chapter 3. Q- multi- and graded shell properties 110

The normalization accounts for inhomogeneous broadening of the ab-

sorbing peak due to the size dispersion . The resulting data for both pro-

cedures are illustrated in Fig. 3.4. The QD diameter is obtained using

the sizing curve as determined in Chapter 2. Opposite toµint at 410 nm,

size quantization effects are strongly present at the bandgap andµgap

shows a significant increase with decreasing particle size.Moreover,

the dependence ofµgap on the sized (nm) can be well fitted with a

power law for the sizes used here (3-10 nm). A one-parameter fit yields:

µgap =
3.599 107

d3
(eVm−1) (3.40)

This infers thatµi,gap scales with the inverse of the QD volume. Given

that the aborption coefficient is proportional to the volumefraction as

µ = µi,gap f , this shows that for an equal volume occupied by the QDs,

smaller QDs are more efficient absorbers as compared to larger QDs at

the bandgap transition.

In a previous work, Yu et al.15 reported wavelength integrated molar ex-

tinction coefficientsǫext,gap,λ. This quantity is transformed to an energy

intrinsic aborption coefficient at the bandgap using :

µi,gap,eV =
6

πlog(e)d3NA
× eE0 d

2

hc
× ǫext,gap,λ (3.41)

The second factor accounts for the tranformation from a wavelength to

an energy integrated molar extinction coefficient. The resulting data are

shown in Fig. 3.4 (filled squares) as a function of peak wavelength (top

axis). The corresponding sizes (bottom axis) are calculated according

to their published sizing curve15. We note that their values are up to 3

times smaller than the ones obtained here. Since, our value of µint,410

only deviates 16% from the bulk values, the proposed values by Yu et

al. are not recommended for use and may give considerable errors.
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3.4 Absorption coefficient of CdSe/ CdSexS1−x/ CdS

QDs

In this section we will determine the intrinsic absorption coefficient of

CdSe/CdS core/shell and CdSe/CdSexS1−x/CdS core/alloy/shell QDs,

but prior to that an understanding of the alloying mechanismis needed

to properly account for the alloyed layer in the determination ofµint for

dispersed CdSe/CdSexS1−x/CdS QDs.

3.4.1 Diffusion induced alloying

The synthesis of the QDs is done starting from CdSe core QDs, where

a CdS shell is grown using the selective ion layer depositionmethod

(SILAR)39. By comparing TEM images of the CdSe core QDs and

the finally obtained nanocrystals after shell growth, core radiusr0 and

the total QD radiusrtot can be determined. Assuming that after the

CdS shell growth, CdSe/CdS core/shell QDs are formed as illustrated in

Fig. 3.5a, the shell thickness is thus given byrtot − r0. As shown pre-

viously by Tschirner et al.18, at the edge between the CdSe core and the

CdS shell, Se atoms diffuse outwards to the shell, while S atoms diffuse

inwards to the core. Hence, an alloyed region is created as shown in

Fig. 3.5b. In general, this alloying is expected to be gradually appearing

near the CdSe core, while it starts fading out gradually awaytowards

the CdS shell. For simplicity, we assume the alloying to appear abruptly

from the CdSe core and vanish abruptly towards the CdS shell,yielding

a CdSexS1−x alloyed region with a well defined thickness denoted as

t. Therefore, the core will shrink from a radius valuer0 (Fig. 3.5a) to

a valuerc (Fig. 3.5b), and accordingly the CdS shell thickness amounts

asrtot − (t+ rc).

The value ofrc andt is found by assuming that the amount of Se atoms

before the alloying (nSe,1) – through diffusion – is conserved in the

nanocrystal after the alloying (nSe,2). Furthermore, as the CdSe and

CdS unit cells with respective lattice parametersaCdSe andaCdS contain

4 atoms, the total number of atoms within a nanocrystal of radius r is
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Figure 3.5: (a) An ideal core/shell CdSe/CdS particle (b) through which dif-

fusion of S,Se atoms started and created an alloyed innershell resulting in a

shrinking of CdSe core to a sizerc.

given by 4πr3

3 a3
× 4. Accordingly, the Se amounts are determined as:

nSe,1 =
4πr30
3

4

a3CdSe

(3.42)

nSe,2 =
4πr3c
3

4

a3CdSe

+

[

4π(rc + t)3

3
− 4πr3c

3

]

4

xSe a
3
alloy

Here,xSe is the fraction of Se atoms in the alloyed innershell and sums

up together with the fraction of S atomsxS as one (xSe + xS = 1). In

the same expression,aalloy denotes the lattice parameter in the alloyed

region of the QDs and in accordance with Vegard’s Law40 has shown to

be the weigthed averaged of the CdSe and CdS lattice parameters41 :

aalloy = x aCdSe + (1− x) aCdS (3.43)

As the lattice parameters for cubic CdSe and CdS are approximately

equal , above equation is simplified asaalloy ≈ aCdSe ≈ aCdS , with

aalloy ≈ 0.61 nm. Recalling the conservation conditionnSe,1 = nSe,2,

the quantitiesrc, t, xSe andr0 are linked as :

(rc + t)3 + (xSe − 1)r3c + xSe r0 = 0 (3.44)
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Therefore, by knowingr0 and assuming at value, the shrinking of the

core to the valuerc can be evaluated using Eq. 3.44 for a given selenium

fractionxSe. This will allow to properly account for the alloyed layer

while estimating intrinsic absorption coefficients.

3.4.2 µ at short wavelengths

To determineµint for CdSe/CdS or CdSe/CdSexS1−x/CdS QDs, we at

first study howµint is related for both particle types at a wavelength of

300 nm. To quantify, the dielectric constants of the CdSe core, CdSexS1−x

alloy and the CdS shell material are needed. The core and the shell di-

electric constants are found relying on the bulk value of CdSe and CdS

denoted asεCdSe andεCdS , respectively. The dielectric function of the

alloyed regionεalloy is assumed to be the weigthed average ofεCdSe

andεCdS :

εalloy = xSe εCdSe + (1− xSe)εCdS (3.45)

Using the multishell solution as provided by equations 3.32,3.29,µint

is determined as a function of the Se fraction in the alloyed region for

different alloy thickness values. Fig. 3.6 illustrates this for samples A,B

(see Table 3.2).

In Fig. 3.6a, a maximum ofµint as a function of the selenium frac-

tion is observed for sample A, whilst the error difference between the

thickest introduced alloy shelld =3.1 nm and no alloy shelld = 0 nm

is within 5%. This signifies that (diffusion induced) alloying does not

affect significantly the intrinsic absorption coefficient and consequently

µint values for – simple non-alloyed – CdSe/CdS QDs can be employed

to – more complex alloyed – CdSe/CdSexS1−x/CdS QDs, synthesized

Sample Core size (nm) Total size (nm)

A 3.1 6.6

B 5.4 8.91

Table 3.2: The core and total size (twice radius) of the CdSe/CdSexS1−x/CdS

core/alloy/shell QDs used to evaluateµint for different alloy conditions.
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Figure 3.6: (a) Intrinsic absorption coefficientsµint for CdSe/CdSexS1−x/CdS

core/alloy/shell QDs a function of the fraction Se (xSe+xS = 1) in the alloyed

innershell.µint is calculated based on an abrupt interface between the core and

the alloyed layer using parameters of sample A. (b) Similar calculations as in

(a), but done with the parameter values of sample B.

based on the SILAR method. The features in Fig. 3.6b for sample B are

similar to those observed for sample A, affirming the previous conclu-

sion.

In view of this,µint of – non-alloyed – CdSe/CdS QDs can now be cal-

culated and experimentally verified for various combinations of core and

total QD size, to yield a reliable standard for the concentration determi-

nation of CdSe/CdS or CdSe/CdSexS1−x/CdS QDs. Table 3.3 illustrates

the data for the different QD sizes. The core and total size ofthe QDs is

determined using TEM imaging. The concentrationc of the CdSe/CdS

QD samples is determined by noting that the amount of nanocrystals

remains unchanged during the SILAR synthesis. Therefore, prior to the

SILAR processing of the CdSe core QDs,c is estimated, by employ-

ing the elemental analysis procedure as outlined in sec. 3.3for these

QDs. In this procedure, a zinc-blende CdSe lattice parameter aCdSe of

0.615 nm is used and a Cd:Se ratioρ of 1.2214 is substituted in Eq. 3.37,

accounting for the enriched surface of the CdSe QDs with an excess of

Cd-atoms. Based on the elemental analysis and absorption spectroscopy

and by combining Eq. 3.7 and Eq. 3.36, the dependence ofµint on the
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dcore (nm) dtot A300 (cm−1) c (10−6mol/L)

5.6 7.4 0.358 0.00496

5.06 6.55 0.053 0.05067

3.24 5.6 0.124 0.02907

3.24 3.64 0.075 0.05424

2.48 5.74 0.209 0.05013

2.48 13.3 0.397 0.00726

5.41 7.5 0.484 0.04457

2.72 5.3 0.108 0.03259

2.72 10.61 0.547 0.01829

5.41 10.4 0.743 0.03129

Table 3.3: CdSe core sizedcore, CdSe/CdS total sizedtot, A300 is the ab-

sorbance at 300 nm of CdSe/CdS QDs dispersed in a choloroformliquid andc

is the calculated concentration of the suspensions used.

various combinations of core and total size of the QDs – included as

the CdS to the total volume ratioVCdS

Vtot
– is shown in Fig. 3.7a (red

squares). The QDs are dispersed in a chlolorform liquid. Thered line

is the bulk dependenceµth on VCdS

Vtot
, calculated based on Eq. 3.29 us-

ing the dielectric constants of bulk CdSe and CdS . Moreover,this bulk

dependence is in a good agreement with the experimentalµint values,

yielding a reliable standard for use to determine the concentration of

dispersed CdSe/CdS or CdSe/CdSexS1−x/CdS QDs.

3.5 Conclusion

We have analyzed the absorption coefficient of CdTe QDs by combining

UV-vis absorption spectroscopy and elemental analysis. Atshort wave-

length of 410 nm the intrinsic absorption coefficient does not show size

quantization effects and the obtained values are in good agreement with

the bulk value of CdTe. The average of these values can be usedas reli-

able standard for the concentration determination of CdTe nanocrystals.

Around the bangap transition we find integrated absorption coefficients

that scale inversely proportionally with the QD volume. In addition,

these data showed a deviation up to a factor of 3 compared to the values
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Figure 3.7: The experimental intrinsic absorption coefficient follows nicely

the predictedµth as a function of the CdS volume fraction in the CdSe/CdS

core/shell QDs. The CdSe/CdS are dispersed in a cholorofromliquid.

widely used in literature.

The intrinsic absorption coefficient of CdSe/CdS core/shell

CdSe/ CdSexS1−x/CdS core/alloy/shell QDs has been determined. Based

on Maxwell-Garnett theory and an alloying model considering the dif-

fusion of the Se and S atoms respectively at the inner and outer CdSe

and CdS shell we showed that the intrinsic aborption coefficient of Cd-

Se/CdS core/shell QDs can be used for a CdSe/ CdSexS1−x/CdS core/al-

loy/shell QDs within a 5% error of calculation.
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4
Nonlinear optical properties of PbS

quantum dots

4.1 Introduction

Materials with a large nonlinear third-order susceptibility χ(3) are needed

in a wide range of photonic applications. Materials with a large real part

of χ(3) or equivalently a large nonlinear refractive indexn2 are suit-

able for optical switching, spectral filtering1;2, holography gratings3 and

phase modulated photonic applications. Materials with a large imagi-

nary part ofχ(3) or nonlinear absorption coefficientβ are used in many

applications including fluorescence imaging, optical datastorage, mi-

crofabrication4–6 and saturable absorbers for optical limiting and mode

locked lasers and generally in photonic applications wherean amplitude

modulation is required.

Table 4.1 lists values ofn2, β and the corresponding figure of merit

FOM (n2/λβ)– see sec 4.3.3, measured aroundλ = 1.55µm, for typical
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bulk semiconductors7;8, chalcogenide glasses9–11 and nonlinear poly-

mers12;13. Materials such as GaAs, Si or silica have a poor FOM around

the telecom wavelengths (1.55µm), making them unsuited for integrated

nonlinear photonic devices. A way to enhance their performance is

functionalization by the overgrowth with high FOM materials, such as

AlGaAs or chalcogenide glasses. However, due to the high cost of

vacuum-based deposition routes, these materials are less favorable for

large-area processing14. This drawback can be overcome by the use of

solution-deposited materials with a large FOM. For instance, all-optical

signal processing has been recently demonstrated by functionalizing Si

slotted waveguides with 2-[4-(dimethylamino)phenyl]-3 -([4(dimethylamino)phenyl]-

ethynyl)buta-1,3-diene-1,1,4,4-tetracarbonitrile) (DDMEBT) polymers15.

An alternative and valuable candidate are colloidal QDs as they are an

appealing class of materials, due to the combination of size-tunable op-

tical properties and a suitability for wet processing. Theypossess a high

photo-luminescence efficiency, making them potential light sources in

LEDs16;17 and lasers18–20 and they have a high and tunable absorption

cross-section, enabling the fabrication of efficient near infrared (NIR)

photodetectors.21;22Furthermore, it has been shown that PbSe QDs have

a high and tunablen2 upon resonant excitation around 1.55µm.23 and

the use of PbS QD doped glasses as saturable absorbers for passive

mode-locking in Yb:KYW and Cr4+:YAG lasers has been demonstrated.24;25

Recently, Padilha et al. and Nootz et al.26;27 have investigated the ab-

sorption cross sections for non-resonant two photon absorption (TPA)

of PbS and PbSe QDs. Other authors have studied the nonlinearop-

tical properties of PbS QDs at wavelengths ranging from 0.5µm to

1.1µm.28–33Yoshino et al.34;35 investigated the nonlinear optical prop-

erties for PbS QD suspensions with a first exciton peak at 1.33µm ex-

cited in the wavelength range 1.1-1.6µm. In the same wavelength range

Brzozowski et al. reported values for FOM up to 0.3 for PbS QD sus-

pensions with a first exciton peak at 1.39µm.36 Savitski et al.37 have

studied the nonlinear absorption of PbS QDs doped glasses inthe wave-

length range 1.06-1.54µm.

In spite of this extensive research however, no studies report on n2, β
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and the resulting FOM for PbS QDs resonantly excited around 1.55µm.

Here, we study nonlinear refraction and absorbance of PbS QDs using

picosecond pulsed excitation between 1535 and 1565 nm. Using the Z-

scan technique in combination with chopped illumination, we find that

a dispersion of PbS QDs shows strong nonlinear refraction due to elec-

tronic effects. Although related to absorption saturation, we argue that

photoinduced intraband absorption also contributes ton2. Next, using

pump-probe four wave mixing (FWM), we determine the time response

of the optical nonlinearity. We demonstrate that it contains a nanosecond

component at low excitation intensities. With increasing light intensity,

the FWM decay contains an additional∼ 100 ps component, which we

attribute to the presence of carrier-carrier mediated scattering processes,

next to a dip prior to the rise of the FWM signal. This unexpected dip

may reflect the destructive interference between two FWM signals, the

bleaching of the QD absorption (with a typical time constantset by the

exciton lifetime) and photoinduced absorption.

The Z-scan experiments that will be presented in this work are obtained

thanks to a collaboration with Prof. P. Kockaert from the Opera-group at

the ULB, Brussels. The FWM measurements are done in collaboration

with Dr. F. Masia from the University of Cardiff.

4.2 Analysis of non-linear optical properties by Z-

scan

4.2.1 Set-up and beam characterization

For the Z-scan measurements39, we used a setup as shown in Fig. 4.1(a).

In brief, a pulsed, Gaussian laser beam with a repetition rateν is guided

toward a lensL1 (using for instance a mirrorM1), which creates a fo-

cused Gaussian beam. To correct for possible fluctuations ofthe laser

intensity during the measurement, a small fraction is reflected at beam

splitterBS1 and monitored at detectorD1. The linear stageLS trans-

lates the sampleS along thez-axis through the focus of the Gaussian

beam. After passing through the sample, a fraction of the total beam
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n2 β FOM

material 10−13 cm2/W cm/GW n2/(λβ)

Fused Silica 0.0027 – –

Semiconductors

Si 0.45 0.79 0.37

GaAs 1.59 10.2 0.1

AlGaAs 1.75 0.35 3.2

Chalcogenide glasses

Ge25As10Se65 0.6 0.4 1.0

Ge33As12Se55 1.5 0.4 2.4

As4S3Se3 1.2 0.15 5

As40S60 0.6 <0.03 >12

Polymers

DDEMBT 1.7 - 2.19

Table 4.1: The nonlinear refractive indexn2, the nonlinear absorption co-

efficient β and figure of merit FOM for typical materials, measured around

λ= 1.55µ m.7–13;38

intensity (TBI) is reflected at beam splitterBS2 and measured with de-

tectorD2, while the on-axis intensity (OAI) is measured in the far field

of the laser beam with a small apertureA and detectorD3. The input

intensity is set using a variable neutral density filterNDF . The illumi-

nation of the sample can be chopped using an electronic shutterESH.

The Gaussian spatial profile induces a lens in a nonlinear sample, cre-

ating an extra (de-)focusing of the beam (Fig. 4.1(b)), enabling the de-

termination ofn2. In our experiments, we use a 10 MHz pulsed laser

with a pulse duration ofτp≈ 2.5 ps. τp is determined with an optical

auto-correlator; the pulses have a Gaussian temporal profile. The beam

is spatially characterized by two parameters: the beam waist w0 (beam

radius at the focus) and the Rayleigh lengthzR. At a given wavelength

λ, both are related through:

zR =
πw2

0

λM2
(4.1)

whereM2 denotes the beam quality factor, which equals 1 for a Gaus-

sian (diffraction limited) beam. We determinew0 andzR with a beam
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Figure 4.1: (Color online) (a) Schematic representation ofthe Z-scan setup.

(b) Far away from the laser beam focal point, the optical intensity is too low to

induce nonlinear effects (full lines). Near the focus, at pre-focal positions, the

sample acts as a thin lens, inducing an extra beam divergencein the case of a

negativen2 (dashed lines). This leads to an increased on-axis intensity.

profiler atλ= 1550 nm. The resultingw0 = 47µm andzR = 3.9 mm yield

M2 = 1.17, confirming that the beam has a Gaussian spatial profile.

Another important characteristic is the on-axis power density at the fo-

cusI0 (referred to as the optical intensity from here on).I0 equals the

maximal power density achieved during a laser pulse. We calculateI0
from the measured average laser powerP :

I0 =
2√
π

P

ντpπw2
0

(4.2)

4.2.2 Derivation ofn2 and β from the Z-scan traces

A calculation ofn2 andβ starts from the differential equations which

describe the attenuation and phase change of an electric field as it passes

through a nonlinear sample with lengthL.39 We assume that the sample

nonlinearity is limited to the third order (n = n0 + n2I0, α = α0 +

βI0) and that the sample lengthL is much smaller than the Rayleigh

length (L ≪ zR, thin sample approximation). Using the following
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substitutions:q = βI0Leff (Leff : effective sample length)39 andx =

z/zR, this yields for the normalized TBI trace:

TTBI(x) =
(1 + x2)

q
ln(1 +

q

1 + x2
) (4.3)

Equation 4.3 enables us to determineq, and thereforeβ, from a fit to the

experimental TBI trace.

The normalized OAI is derived in a similar way:

TOAI(x) = (1 + x2) . (4.4)
∣

∣

∣

∣

∣

∞
∑

m=0

(i∆φ0)
m(2m+ 1 + ix)

m!(1 + x2)m((2m+ 1)2 + x2)

∣

∣

∣

∣

∣

2

For practical calculations, we limit ourselves to an approximation up to

the third order in the nonlinear phase shift∆φ0:23

TOAI(x) = 1 +
4x

(x2 + 1)(x2 + 9)
∆φ0 (4.5)

+
4(3x2 − 5)

(x2 + 1)2(x2 + 9)(x2 + 25)
∆φ2

0

+
32x(x2 − 11)

(x2 + 1)3(x2 + 9)(x2 + 25)(x2 + 49)
∆φ3

0

We estimate that the first order approximation (the one most often used

in literature) is valid up to∆φ0 ≈ 0.2, the second order up to∆φ0 ≈ 1

and the third order up to∆φ0 ≈ 1.75. The validity is within an error

of less than 3.5% in determining the OAI transmission and predicting

the focal position (x=0). By fitting the OAI trace to eq. 4.5, we can

determine∆φ0 and thusn2 according to:

∆φ0 =
2πn2I0Leff

λ
(4.6)

4.2.3 Thermal effects

When performing Z-scan measurements using a nontransparent mate-

rial (as is the case here, as we study theresonantnonlinearities of PbS

QDs around the band gap), the absorbed energy can be converted to

heat. The corresponding temperature increase of the samplemay also
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lead to a change in refractive index, due to the thermo-optical coeffi-

cient dn/dT . In the center of the laser beam, the higher optical intensity

leads to a higher increase in temperature than at the edges ofthe laser

beam. Hence, taking heat diffusion throughout the materialinto ac-

count, a steady state spatial temperature profile will develop att ≫ tc,

with tc =
w2

0
4D the characteristic profile buildup time.D denotes the ther-

mal diffusion coefficient of the medium. If dn/dT differs from zero, the

refractive index will follow this temperature profile, leading to a ther-

mal lensing effect40 (similar to the electronic lensing effect described

above).

The resulting OAI trace will also show an anti-resonance. Taking only

linear absorption into account,i.e., neglecting nonlinear processes such

as TPA, thethermalOAI can be described by:40

TOAI,th(x) = 1 + θ arctan

(

2x

x2 + 3

)

(4.7)

The equation is valid for a small thermal lens strengthθ:

θ =
α0LP

λκ

dn

dT
(4.8)

As expected,θ depends only on the average power and is inversely pro-

portional to the thermal conductivityκ, as a largerκ leads to a more

rapid heat dissipation.

4.3 Nonlinear refraction n2 and β for PbS QDs

4.3.1 Fabricated samples

All following measurements (Z-scan and FWM) were performedat room

temperature. For our study of then2 of PbS QDs, we prepared 12 QD

samples. All the samples have a size dispersion of≈5% . The sample

optical properties are very stable in time41. Their properties are summa-

rized in table 4.2. The concentrations of all samples are optimized to ob-

tain a clearly measurable∆φ0, while still keeping its value low enough

for the fit (equation 4.5) to apply (∆φ0 < 1.75). We use aL= 1 mm

optical cell for the Z-scan measurements, satisfyingL ≪ zR. The QDs
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sample size (nm) λ0 (nm) c0 (µM)

A 3.8 1123 4.95

B 5.2 1408 5.45

C 5.5 1492 6.34

D 5.9 1539 4.91

E 6.1 1574 4.63

F 6.4 1620 4.76

G-I 5.9 1539 0.48,1.37,2.89

J,K 5.9 1539 6.06,9.78

L 5.6 1506 Thin film

Table 4.2: Summary of the different samples used for the Z-scan and FWM

experiments.λ0 denotes the spectral position of the first absorption peak and

c0 the sample concentration.

are suspended in C2Cl4, a transparent solvent in the NIR spectral range.

Z-scan traces recorded for C2Cl4 are featureless both for the TBI and

OAI, revealing a negligiblen2 andβ of the solvent. To determine the

spectral dependence ofn2 for our QD suspensions, Z-scan traces are

measured between 1535 and 1565 nm. The intensity dependenceof n2

is measured between 1 and 25 MW/cm2, atλ = 1550 nm.

For sample D,E,F, we determine the intensity dependence of the non-

linear absorption coefficientβ. Samples D,E,G-K are used to explore

the nonlinear absorption further, by positioning the sample at the focus

and collecting the sample transmittanceT as a function ofI0. I0 is

varied between 0.5 and 25 MW/cm2, aroundλ= 1550 nm. FromT , the

intensity-dependent absorption coefficient is calculated: α = − ln(T )
L .

We use samples D,G-K to determine the concentration dependence of

n2, β andα.

For the FWM measurements we prepared sample L using a 20µM solu-

tion of PbS QDs mixed with a solution 10 m% of polystyrene in toluene.

The solution is spincoated with a spinning speed of 1000 rpm on a

0.17mm glass coverslip. The resulting film has an uniform thickness

of ≈2µm and macroscopically homogenous concentration of PbS QDs.

The sample is then mounted on another coverslip of same thickness by

using Meltmount (Cargille Labs) (refractive index 1.54) asmounting
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medium. For the FWM experiment the total average intensity used is

varied between 0.7 to 89 kW/cm2, corresponding to peak intensity from

0.054 to 6.9 GW/cm2.

4.3.2 Excluding thermal effects

Typical OAI and TBI traces for a QD suspension are shown in Fig. 4.2.

The OAI shows a strong anti-resonance (Fig. 4.2(a)), that can only be

satisfactorily fitted to a sum of eqs. 4.5 and 4.7 (Fig. 4.2(b)). The TBI

features an increase in intensity near the focus indicatinga negativeβ

(Fig. 4.2(c)). Using theESH, we switch the laser light betweenon for

2 ms andoff for a time interval variable between 0 and 64 ms, corre-

sponding to a duty cycleDC between 100% and 3%, respectively. As

shown in Fig. 4.2(a), we find that reducingDC from 100% to12.5%

leads to a steady decrease of the OAI peak and valley amplitude. Below

12.5%, the OAI trace tends towards a limiting trace whenDC is further

reduced. In addition, no change in the limiting trace is obtained when

reducing the on time to 1 ms keeping the same duty cycle. In Fig. 4.2(c),

one sees that the TBI remains constant when sweeping theDC.

The above observations indicate that at aDC of 12.5% or more, the

OAI is composed of an electronic and a thermal component. Using the

fit of the OAI to a sum of an electronic and a thermal non-linearity,

we determined dn/dT . Limiting the DC to 12.5% to ensure the low

thermal lens strength condition, we obtain a value of -0.9 10−4 K−1,

which stays constant in the range 1535 nm-1565 nm. Independent mea-

surements of dn/dT for CCl4, CHCl3 and CH2Cl2, performed at visi-

ble wavelengths, yield values of about -6 10−4 K−1.42;43 As we find a

number of the same order of magnitude, we conclude that the energy

absorbed by the QDs is at least partially converted to heat and trans-

ferred to the surrounding C2Cl4 medium. Using the material properties

of C2Cl4 (D =7.7 10−8 m2/s)44, we calculate atc of 4.7 ms. Hence, a

duty cycle of 7.3% or less is needed to prevent the buildup of astation-

ary thermal lens. In line with these findings, we fixDC at 3.1% for

further measurements. This excludes thermal contributions and allows
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Figure 4.2: (Color online) (a) Typical experimental OAI traces, measured on

λ= 1550nm for sample D as a function ofESH duty cycle. The OAI shows

a strong anti-resonance. Inset: When redcuing theDC the magnitude of the

thermal lens strength decreases. (b)Illustration for the traces fitted (black dots)

with a sum of equation 4.5 (blue line) and 4.7 (red line) for sample D at a

DC = 12%. (c) The corresponding measured TBI traces for sample D. The

TBI remains constant when changing the duty cycle and yieldsan increase

around the focus indicating a negativeβ.
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the determination ofn2 by fitting OAI traces using only the electronic

contribution of eq. 4.5.

4.3.3 Analyzingn2 and β

Figure 4.3(a) shows typical OAI traces obtained for sample Kat two

different light intensities. As indicated in Fig. 4.3(b), this results for the

PbS QD concentrations used (4.5-6.5µM) in a nonlinear refractive in-

dexn2 of the order of10−11 cm2/W, a value independent ofI0 in the

intensity rangeI0 = 1−25MW/cm2 aroundλ = 1550nm. By chang-

ing the QD concentration in solution, we find thatn2 changes propor-

tionally to the QD volume fractionf (Fig. 4.3(c)). From the regression

curve we get a concentration independent intrinsic nonlinear refraction

index n2,int = n2/f of −1.17 10−7 cm2/ W, a value of the same or-

der of magnitude as the−6.5 10−7 cm2/W measured for PbSe QDs at

λ0 = 1640nm.23. Figure 4.4 represents the spectral dependence ofn2

for samples A–F, measured between 1535 and 1565 nm and rescaled to

a concentration value of 5µM. As the wavelength range is limited, an

alternative representation ofn2 is given, in which the abscissa is the

difference between the laser wavelength and the absorptionwavelength

λ0 of the QDs. In agreement with then2-spectrum of PbSe QDs,23 we

find thatn2 is correlated with the absorbance spectrum of the PbS QD

suspensions.

A suitable parameter to assess the measured values forn2 is the figure

of merit (FOM= δn/(λα)). It is a materials property, independent of

the QD volume fraction and reflects the maximal nonlinear phase shift

that can be achieved when light propagates through a sample,before

absorption reduces its intensity too much for nonlinear effects to occur.

Within the intensity range studied, we find FOMs that are larger than 1

and that increase with increasing light intensity. Since these values are

similar to the FOM of AlGaAs7 and the chalcogenide glasses9–11 (table

4.1), PbS QDs are clearly of interest as nonlinear optical materials.

Figure 4.5(a) shows the nonlinear absorption coefficientβ as determined

for three different PbS samples. In line with the TBI trace given in

133



Chapter 4. Q-Nonlinear properties 134

-50

-40

-30

-20

-10

0n
2
 (

1
0

-1
2
 c

m
2
/W

)

2010

I0 (MW/cm
2
)

(b)

-60x10
-12

-40

-20

  
  

  
 n

2
 (

cm
2
/W

)

600x10
-6400200

Vol. frac. 

(c)

1.2

1.1

1.0

0.9

0.8

O
A

I
151050-5-10

z/zR 

(a)

Figure 4.3: (Color online)(a) Measured OAI for sample K at intensities of 2.7

and 8.0 MW/cm2 at aDC = 3.1% fitted with equation 4.5. (b) Dependence of

n2 onI0 for samples J,E,F (blue, green and red dots).n2 remains constant over

the entire intensity range.(c)n2 increases linearly with the QD volume fraction

measured for samples with first absorption peak at 1539 nm (see table 4.2).
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responds to resp. sample D, E, F. (b)β scales linearly with the QD volume

fractions measured for samples withλ0 =1539nm. (c) TBI traces for sample

D at optical intensities of 1.7, 2.5, 3.7, 8.4 MW/cm2 fitted with eq. 4.3 (full

lines). AtI0=8.4 MW/cm2 the TBI fits only with eq.4.23 (dotted black line) as

it broadens compared with the predicted fit from a true third order non-linearity

(full black line).
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Fig. 4.2(c),β is negative and is largest forλ0 closest to the excitation

wavelength. Similar ton2, the magnitude ofβ increases with the volume

fraction. A linear fit yields an intrinsic nonlinear absorption coefficient

βint = β/f of -2.47 105 cm/GW. On the other hand, Fig. 4.5(a) in-

dicates that the magnitude ofβ – as determined from a fit of the TBI

to eq. 4.3 – decreases with increasing intensity. In addition, the TBI

(Fig. 4.5(c)) broadens at intensities above 8 MW/cm2 and no longer fits

to eq. 4.3.

4.4 Simulation of the QD exciton population

4.4.1 Bandgap exciton population of the QDs

The number of excitations or absorbed photons per unit of volume cre-

ated per pulse,Nph, equals :

Nph =
Eabs

EgapL
(4.9)

with L the sample length andEabs the absorbed energy per unit of area

following an excitation with a pulse. ForαL << 1 we find forEabs:

Eabs =
P

νπw2
0

α(Egap)L (4.10)

with α(Egap) ≈ α0(Egap), with α0(Egap) the linear absorption coef-

ficient at the bandgap energy. This approximation is valid inour case

asα maximally decrease with 20% over the measured intensity range

(figure 4.5).Pavg is the average laser power and is related toI0 through

expression 4.2. The number of excitations per pulse createdper QDNex

is :

Nex =
Nph

cexNA
(4.11)

with cex the concentration of QDs excited with the laserbeam.cex is

determined as

cex = ctot

∫

c(E)S(E)dE (4.12)
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ctot is the total QD concentration andc(E)dE represents the fraction

of QDs with a bandgap in the energy rangeE,E + dE. S(E) repre-

sents the probability that a QD with bandgapE gets excited with the

corresponding laserbeam.c(E) andS(E) are given by :

c(E) =
1√

2πσinh
e
− (E−Egap)

2

2σ2
inh (4.13)

S(E) = e
−(E−El)

2

2(σ2
l
+σ2

hom
) (4.14)

with El central energy of the Gaussian laserbeam andσl =
∆El

2
√

2ln(2)
,

with ∆El, the FWHM of the laserbeam. Similarlyσl =
∆Ehom

2
√

2ln(2)
and

σinh = ∆Einh

2
√

2ln(2)
with ∆Ehom,∆Einh respectively the homogenous and

inhomgenous linewidth of the QDs.

As the size dispersion is very small (5%), one can assume the inho-

mogenuous linewidth to be constant for all QDs45. Evaluation of ex-

pression 4.12 forcex yields :

cex = ctot
e

−(Egap−El)
2

2(σ2
inh

+σ2
l
+σ2

hom
)

√

σ2
l + σ2

hom
√

σ2
inh + σ2

l + σ2
hom

(4.15)

This leads to a final expression forNex presuming that we excite with a

central laser energy in resonance with the bandgap energy(El = Egap):

Nex =

√
πτpI0α0(Egap)

√

∆E2
inh +∆E2

l +∆E2
hom

2EgapctotNA

√

∆E2
l +∆E2

hom

(4.16)

The factor
√

∆E2
inh +∆E2

l +∆E2
hom represents the total linewidth of

the QDs.

4.4.2 Occupancy rate equations

We defineci as the fraction of total QDs which containi excitons. The

numberi can maximally reach 8 due to the 8-fold degeneracy of the
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HOMO and LUMO levels in the PbS QDs. Within the duration of each

incoming pulse the occupancy of the differentci changes with time due

to the absorption and stimulated emission of photons. This yields:

dc0
dt

= −k0,absc0 + k1,emc1

dc1
dt

= k0,absc0 − k1,absc1 − k1,emc1 + k2,emc2

dc2
dt

= k1,absc1 − k2,absc2 − k2,emc2 + k3,emc3 (4.17)

...

dc7
dt

= k6,absc6 − k7,absc7 − k7,emc7 + k8,emc8

dc8
dt

= k7,absc7 − k8,emc8

Here, ki,abs is the rate of absorption of a statei, which is given by
i−8
8 k0,abs. k0,abs is the rate of absorption by an unexcited state QD,

which corresponds toǫln(10)I0NAEgap
. With ǫ the molar extinction coefficient

determined as:
2
√

2ln(2)√
2π

ǫint

∆Ehom
. ǫint is the integrated molar extinction

value which is given by 15.3meV
µMcm

46. ki,em is the stimulated emitting

rate from a state i to a state (i-1) and is given byi
8k0,abs.

Between the pulses we assumeci → 0, i.e. that the relaxation of the

statesci,i =2..8 is much faster than the laser repetition period of 100 ns.

This means that the remaining relaxation contribution is due to 1µs ra-

diative recombination46 of statec1. By implementing this procedure

numerically, one can calcuate for a given∆Ehom and I0 the average

number of excitons in the QDs through:

< γ(t) >=<
∑

ici(t) > (4.18)

The corresponding absorption coefficient will be calculated in the next

section using eq.4.19.

138



Chapter 4. Q-Nonlinear properties 139

1.00.80.60.40.2

Nex 

0.27

0.26

0.25

0.24
a

 (
m

m
-1

)

2015105
I0 (MW/cm

2
)

(b)

1550nm

1.00.80.60.40.2

Nex 

0.26

0.24

0.22

0.20

a
 (

m
m

-1
)

20151050
I0 (MW/cm

2
)

(a)

0.3

0.2

0.1

0.0a
0
 (

m
m

-1
)

20001000

l  (nm)

GS

ES

0

Figure 4.6: (Color online)(a) When we exclude the absorption from an ex-

citon ground state (GS) towards an exciton excited state (ES) (eq. 4.19)

the theoretically expected absorption, assuming a QD homogeneous linewidth

(∆Ehom) of 18 meV (dashed line), is smaller compared with the measured

one (blue circles). Neglecting the contribution of the inhomogenous broad-

ening and assuming the total linewidth is all due to homogenous broadening

(∆Ehom = ∆Etotal =58 meV) the corresponding increase in absorption (dot-

ted line) is not sufficient to explain the measurements. If weinclude the ab-

sorption from GS to ES the measurements fits well with rate equation model

with ∆Ehom =18 meV. (b) Measuredα fitted with expression 4.21. Inset: Ab-

sorption spectrum (α0) of sample D.
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4.5 Intensity dependence of the absorption coeffi-

cient (α)

The broadening of the TBI and the decrease ofβ with increasingI0
point towards absorption saturation. To investigate this,we have di-

rectly measured the absorbanceα as a function of the optical intensity

I0 (sample D and E). The QDs are probed at 1550 nm, on resonance

with their band gap transition. Figure 4.6(a) shows that, atlow optical

power, the linear absorbanceα0 is recovered. In line with the negative

nonlinear absorption coefficient,α decreases with increasingI0, which

suggests bleaching induced by state filling.

Assuming an 8-fold degeneracy of the PbS HOMO and LUMO, one

expects that the absorbance of a QD decreases linearly with the number

of excitonsγ it contains, to reach zero whenγ = 447:

α =
(8− 2γ)

8
α0 (4.19)

The expected complete bleaching atγ = 4 contrasts with conclusions

from48;49, yet forms a relevant starting point to benchmark our results.

As a reference, the top axis in Fig. 4.6(a) gives the average number

of photonsNex absorbed per QD by a single pulse with an intensity

as given by the bottom axis (see calculation above). At the highest

light intensities used,Nex reaches one. Since the exciton lifetime of

about 1µs exceeds the 100 ns time delay between successive pulses,

this indicates that the measured change of the absorbance isnot due

to a single pulse event, yet results from the build-up of excitons over

several pulses. Based on this picture and eq. 4.19, we have calculated

α(I0) by using a rate equation model involving band gap absorption

and stimulated emission (see calculation above). For this calculation,

we assumed a homogenous linewidth∆Ehom of the QD’s first exciton

transition of 18 meV. This is a 300 K value extrapolated from low tem-

perature data determined by exciton dephasing in an ensemble of QDs

done with photon-echo spectroscopy45. As shown in Fig. 4.6(a), this re-

sults in a theoreticalα(I0) considerably smaller than the measured one.

The same conclusion holds if∆Ehom is set equal to the total linewidth
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of 58.5 meV, a value that follows from the FWHM of the first exciton

transition in the QD absorption spectrum. In line with our experiment,

previous measurements on PbS suspensions48;49 did not yield complete

absorption bleaching at high excitation intensities.

This indicates that an excited QD is a stronger absorber thanpredicted

by eq. 4.19. As shown in Fig. 4.6, a possible origin of this enhanced,

photoinduced absorption are intraband transitions that bring the first ex-

citon (labeled as GS in Fig. 4.6) to an excited single excitonstate (ES

in Fig. 4.6). A similar observation was made in lead salt QD doped

glasses29;37.

If the electrons in the conduction band and the holes in the valence band

of excited QDs can be excited to higher energy conduction band or lower

energy valence band states, one expects an additional contribution toα

that is proportional to the number of excitons:

α =
(8− 2γ)

8
α0 +

γ

4
αpi (4.20)

Clearly, the occurrence of photoinduced absorption inhibits the bleach-

ing of the QD band gap transition whenγ = 4. If we base our calcula-

tion ofα(I0) on eq. 4.20, a fit with the experimental curve yieldαpi =0.4

α0. By including photoinduced absorption in the proposed two-level

model, the theory fits well with the experimental results.

Figure 4.6(b) shows that for practical purposes, the experimentalα(I0)

can be fitted by extending the expression for the intensity dependence

of the absorbance of a two-level system with a non-saturableabsorption

coefficientαns
50:

α =
α0 − αns

1 + I0/Isat
+ αns (4.21)

This includes a saturation intensityIsat, which corresponds to the value

of I0 where the absorbance is halfway betweenα0 andαns. Typical

values for the fitting areIsat = 7.2 MW/cm2 and αns

α0
=0.8. By using

eq. 4.21 to describeα(I0), we can reinterprete the TBI traces measured

in Fig. 4.5(c). For this, we divide the intensityI0 in eq. 4.21 with a

factor (1 + x2) – wherex = z
zR

– to take into account the Gaussian
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spatial dependence of the intensity :

α(x, I0) =
α0 − αns

1 + I0/(Isat(1 + x2))
+ αns (4.22)

TTBI = e−α(x,I0)L (4.23)

At low light intensities, eq. 4.23 reduces to eq. 4.3, which holds for

a third order non-linearity. With increasing light intensity however,

only 4.23 fits to the experimental, broadened TBI traces.

4.6 Four Wave Mixing (FWM)

The Z-scan measurement as described above yields the absolute val-

ues of the nonlinear refractive index and absorption coefficient, but it

provides no information on the dynamics of the optical nonlinearity.

To investigate this, we measure the time-resolved responseof the op-

tical nonlinearities using a FWM set-up (Fig. 4.7a)51. A Ti:Sapphire

laser pumps an optical parametric oscillator (APE OPO) which provides

pulses of 150 fs duration around 1.47µm with 76 MHz repetition rate.

The laser beam is split up into 4 components denoted as reference, Pulse

1, Pulse 2 and Pulse 3 (R, P1, P2,P3). The frequencies of the pulses are

upshifted using acousto-optical modulators to 79, 80, and 80.6 MHz,

for P1, P2, andP3 respectively. This leads to a 1MHz modulation of

the carrier density.P1 andP2 as well asP2 andP3 are mutually time-

delayed byτ12 andτ23 by means of delay stags (DL) with a temporal

resolution of20 fs. All exciting pulses are combined through BS5 and

sent through the sample S (thin film) using an oil-immersion microscope

objective MO1 with a numerical aperture of NA =1.25.

P1 creates a coherent polarization in resonance with the band gap tran-

sition of the sample.P2, arrives in time-overlap (τ12 = 0) to ensure that

the coherent polarization is not lost, and interferes maximally with P1.

The interference ofP1 andP2 creates a beating pattern within the sam-

ple (see Fig. 4.7b). This induces a carrier density modulation of 1 MHz

over the pulse repetitions. This modulates the absorption and hence the

transmission of the probing pulseP3, resulting in a measured FWM field
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Figure 4.7: (Color online) (a) Schematic representation ofthe FWM setup as

outlined in the text. (b) Schematic representation of the interference of Pulse

1 (red) and Pulse 2 (blue). Pulse 2 is slightly shifted in optical frequency

with respect to Pulse 1 creating an interference pattern varying with a beating

frequency of 1MHz over the different pulse repetitions.

143



Chapter 4. Q-Nonlinear properties 144

EFWM proportional to

EFWM(t) ∝ χ(3)(t)E1E
∗
2E3(t) (4.24)

with the third-order susceptibilityχ(3). E1,2,3 are the optical electric

fields associated withP1,2,3 in the sample, having an amplitude propor-

tional to
√

I1,2,3. The FWM field is measured through its interference

with the reference field which is in time overlap withP3. The dynamics

of the modulated carrier density can be obtained by measuring EFWM

as a function of the delayτ23. P1,2 were chosen linearly co-polarized by

half-wave plates (HP). Both were cross-polarized toP3 andR to reduce

the background from the balanced photodetectors (BPD) and maximize

the heterodyne detection of the FWM signal.

4.7 Dynamics of optical nonlinearities in PbS QDs

Since the nonlinear optical properties of PbS QDs are related to the cre-

ation of excitons, one expects that the relaxation and recombination of

these excitons determines the dynamics of their optical non-linearity.

We analyzed this nonlinear dynamics using FWM as described in sec-

tion 4.6. Figure 4.8(a) represents the FWM amplitude as measured on

PbS QDs (sample L) excited atλex =1470 nm as a function of the time

delay betweenP2 andP3. The different traces correspond to different

intensities of theP1 pulse (withP2 andP3 having same intensity as

P1) expressed in terms ofNex. Nex has been calculated considering

the constructive interference betweenP1 andP2 leading to an effective

intensity4I1. The intensity has been tuned such that the FWM experi-

ments correspond to the same range ofNex (0-3) as used in the Z-scan

measurements (see Fig. 4.6a). Figure 4.8(a) clearly shows that with in-

creasing excitation intensity, the resolved FWM dynamics has a larger

amplitude and a faster decay. Moreover a dip appears at time overlap.

We have analyzed the FWM dynamics using the following response

function:

EFWM(τ23) = Θ(τ23)(A1e
− τ23

T1

+A2e
− τ23

T2 ) +Aos, (4.25)
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Figure 4.8: (Color online)(a) Measured FWM for sample L as a function of

the averaged excitations per QD created per pulse,Nex. (b) Amplitude of

each recombination mechanism (see text) divided by theP3 field amplitude

as a function ofP1 intensity (I1). Solid and dashed lines show a linear and

quadratic dependence with the excitation intensity respectively. In the inset:

dynamics of the FWM field phase for different excitation intensities around

τ23 = 0, relative to the phase atτ23 = 0.5ps.
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The sum of two exponentials multiplied by a step functionΘ(τ23) rep-

resents the response after the excitation. The offsetAos is included to

account for the accumulation of excitons/charges over successive pulses

since the single exciton lifetime of about 1µs41 strongly exceeds the

repetition period of the laser (13 ns). The FWM dynamics is then fitted

considering the convolution of the response function with aGaussian

pulse intensity autocorrelation, which transforms an instantaneous con-

tribution into the Gaussian pulse autocorrelation and a step-function into

an error function. For the contributionsA1 andA2, we find lifetimes in

the range 1–4 ns (T1) and 45–110 ps (T2). Fig. 4.8(b) shows the am-

plitude of each contribution normalized to the amplitude|E3| of theP3

field as a function ofI1.

At peak excitation intensities below 0.13 GW/cm2 (Nex < 0.17) the

decay is dominated by the nanosecond component. Similar to what

was reported previously on PbS QDs of smaller size51, we attribute this

nanosecond dynamics to phonon-assisted single exciton thermalization

between the 64 1S-like energy states. This interpretation is confirmed

by the linear increase ofA1/|E3| with the excitation power in the low

intensity regime, which indicates a single exciton process.

With increasing optical intensity, the picosecond component becomes

more and more important. The time constantT2 is constant over the

intensity range investigated(110 ± 20 ps), apart for the maximum inten-

sity where it drops to 45 ps.A2/|E3| follows a quadratic dependence

on excitation intensity and eventually saturates at highI1. Such dynam-

ics with quadratic intensity dependence could be attributed to Auger–

like non-radiative recombination of biexcitons created ina single pulse

repetition. However, in smaller PbS dots, where the probability for

Auger processes is expected to be larger, we found no evidence of such

biexciton recombination51. Alternatively, this component can be ex-

plained as thermalization of single excitons between the different levels

of the ground state mediated by carrier-carrier scattering. Notably, the

nanosecond time constant varies from 4.3 ns at 0.02 GW/cm2 to 0.33 ns

at 2.2 GW/cm2, with a low intensity dependence ofI−0.27
1 and a high in-

tensity dependence ofI−1.5
1 , further indicating a speeding-up of exciton
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thermalization at high intensities.

In our FWM experiment, the photoinduced absorption of excitons would

result in a decrease of the signal and cannot be distinguished from the

dominant absorption bleaching. However, in line with the discussion in

the previous section, the presence of photoinduced absorption is sup-

ported by the dip observed at negative delays. Its presence at high exci-

tation intensities is due to destructive interference between the left-over

signal due to previous pulses and the FWM generated by theP1-P2-P3

pulse sequence withP3 in time overlap with the reference pulse. The in-

set of Figure 8(b) shows the dynamics of the FWM field phase forthree

excitation intensities corresponding toNex equal to 0.02, 0.7, and 2.9,

respectively. At low intensity the phase at negative and positive delays

is similar, indicating that the signal measured at negativedelays is due

to absorption bleaching induced by the left-over exciton density gener-

ated by previous pulses. With increasing intensity, the phase difference

between the signal at negative and positive delays increases and reaches

∼ 0.75π for Nex = 2.9. This suggests that the origin of the signal at

negative delays is different from absorption bleaching.

Thermal effects can produce a phase shift of the FWM signal ofπ/2,

while photoinduced absorption should give a phase shift ofπ. Since

the measured phase shift exceeds0.5π, induced absorption is a signif-

icant process.1 The continuous change of the phase difference with

intensity indicates that the signals of the induced absorption and the ab-

sorption bleaching are notπ out of phase. While the resonant absorption

bleaching will not be accompanied by a resonant phase component, the

photoinduced absorption can, provided that it is not spectrally centered

at the excitation wavelengths. This will be the case, e.g. when pho-

toinduced absorption involves transitions to higher energy conduction

or valence band states of the QDs.

1The effect of heating can be neglected. Considering the beamsize and the ther-

mal diffusion coefficient of the polystyrene52, we estimate for the FWM experiment a

characteristic heating build up time2 · 103 time faster than in the Z-scan experiment,

with an on state of the excitation4 · 103 times shorter. As a consequence the heating

effects are attenuated by a factor of 2 in the FWM experiment with respect to the Z-scan

measurements, where it is negligible.
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The observation that photoinduced absorption starts to dominate the

FWM signal at negative delays with increasing light intensity may re-

flect the presence of charges in the QDs, related to the occurrence of

Auger events at high exciton densities. As a result of an Auger process,

one of the carriers can be trapped by a defect state at high energy or leave

the QD to be trapped in its vicinity. In this situation, the cross section of

the absorption bleaching broadens as compared to that of resonantly ex-

cited QDs in their ground state. On the other hand, the cross section of

the photoinduced absorption has most likely a broad spectrum. Hence,

it will not be significantly affected by the redistribution of the carriers.

4.8 Discussion

The measurements presented here demonstrate that resonantly excited

PbS QDs have a large nonlinear refractive index, with a figureof merit

that exceeds one. This optical non-linearity is related to the creation of

excitons and to photoinduced absorption – possibly intraband absorp-

tion – in already excited QDs. Relaxation and recombinationof exci-

tons lead to a complex nonlinear dynamics, with distinct time constants

of the order of 100 ps and 1 ns next to the single exciton lifetime of

about 1µs. Furthermore, like PbSe QDs, then2 spectrum of PbS QDs

shows a bell shape, which contrasts with the dispersive, anti-resonance

behavior predicted for the two-level system50. This can mean that the

optical nonlinearity is dominated by photoinduced absorption, which is

typically a spectrally broad process that does not result inthe dispersive

n2 of the two-level system. Alternatively, then2 spectrum can also have

the observed bell shape if biexciton absorption is the dominant process.

Although biexciton absorption should also lead to an anti-resonance in

n2, its resonance frequency is slightly red shifted due to the biexciton

binding energy47. Hence, biexciton absorption will always give a nega-

tive contribution ton2, regardless of the wavelength used.

The Z-scan measurements do not allow for a decomposition ofn2 into

the separate contribution from exciton creation and photoinduced ab-

sorption. Nevertheless, a number of arguments evidence that the contri-
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bution is due to photoinduced absorption. First, opposite to the nonlin-

ear absorption, the nonlinear refraction does not show a tendency to sat-

urate with increasing light intensity. This saturation is expected if only

exciton creation contributed ton2. Second, the intensity dependence

of the absorption could only be modeled if we include photoinduced

absorption from the exciton ground state to an excited exciton state.

Finally, the FWM experiments, revealed that photoinduced absorption

dominates absorption bleaching of the probing pulse at negative time

delays.

For the FWM experiments, it is also interesting for practical applica-

tions, e.g. signal modulation, to compare the weight of the ultrafast

components (45 -100 ps) with respect to the ’slow’ thermalization con-

tributions. From Fig. 4.8 it is clear that at the regime of high inten-

sities the ultrafast components become equally important or dominate

the thermalization contributions. However, one needs up toGW/cm2

of intensity levels to reach this regime and practical applications might

become limited.

4.9 Two photon absorption coupled nonlinearities

In the previous section we investigated the nonlinearity under resonant

excitation. A major drawback of the corresponding nonlinearity is the

linear absorption, which leads to a strong attenuation of the light inten-

sity, passing through the material. An alternative is to investigate the

optical Kerr-effect due to two-photon absorption (TPA), which is in-

herently a fast process. Possible QDs for these applications are large

CdTe QDs (bandgap 650-750 nm) or very small PbS and PbS/CdS QDs

(bandgap 800-1000 nm).

Adapting Z-scan set-up for two photon absorption measurements

In contrast to resonant nonlinearities, which are present with excitation

at optical intensities in the region 1-10MW
cm2 , non-resonant TPA occurs at

1 − 10 GW
cm2 . As we do not possess a sufficiently strong laser, this yields
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that in the z-scan set-up the beamwidth at focus should be reduced from

≈ 40µm to 1-4µm to obtain the desired optical intensitiesI0. We there-

fore changed the focusing lens in Fig. 4.1 by a microscope objective

lens with a high numerical aperture (NA = 0.5). However, these strong

focusing hampers an accurate determination of the beam characteristics

(beamwidthw0 and Rayleigh rangezR). zR is a measure of the spatial

extension of the focusing. Existing beamprofilometers showa detection

limit of 10µm. This problem is solved by measuring materials with

knownn2 andβ values. To determinezR we prepared a 16µM PbS QD

suspension in toluene mixed with a 10 m% polystyrene in a toluene so-

lution. The solution is spincast on a glass substrate and thePbS QDs are

resonantly excited around the bandgap and showed a clear OAItrace. A

fit trough the OAI curve yieldedzR = 13µm. Based on this value we

determined the beamwidth via the relation in eq.4.1 (w0 =
√

zRλ
π ) as

w0 = 2.5µm.

To verify the obtained numerical values we performed TBI-scans on

pure silicon. Typically, OAI and TBI scans are executed under the con-

dition where the thickness of the sampleL is much smaller as compared

to the Rayleigh rangezR 39. This requirement facilitates the analysis

and the analytical expressions as described in sec. 4.2.2 can be applied.

From literature we find thatβ equals 0.8cmGW
8 at an excitation around

1550 nm for Si. This yields an expected dip of 0.4% for the TBI, a value

at the edge of our detection limit. To increase the resolution of the dip

we opt for a substrate with a thickness ofL = 500µm, many times

larger than the Rayleigh range. Consequently, the focus of the beam

will not fall within one single z-position in the sample, buton different

z-values spanning over a lengthLeff/nSizR in the sample (Fig. 4.9).

nSi is the linear refractive index of Si (3.5) andLeff = 1−e−αL

α is the

effective sample length of Si. Note that for two-photon absorbing mate-

rialsLeff = L as the linear lossα equals zero.

Therefore, thenonlinear interaction increasesand the reliability of the

measurements becomes higher. The z-scan OAI and TBI curves of

the thick medium can be modeled using a distributed lens model. The

medium is considered to act as a stack of thin nonlinear slices (Fig. 4.9b)
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(a) (b)

i

Figure 4.9: (a) Schematic of a thick z-scan experiment. (b) The thick nonlinear

medium is considered as a stack thin nonlinear lenses whose focal distance

depends on the optical irradiance.

and the laser beam travels through each of these slices sequentially. If

coupling of the nonlinearities is neglected between the slices, the nor-

malized transmittance for the OAI and TBI can be calculated from the

sequential product of the normalized transmittance of the TBI and OAI

of a single thin lens (eq. 4.3,eq. 4.5) where we simplfiy the result up to

the first order in the phase shift∆φ0i of the i-th single nonlinear lens:

TOAI(x) = lim
Li→0
n→∞

n
∏

i=1

1 +
4x

(x2i + 1)(x2i + 9)
∆φ0i

≈ lim
n→∞

exp

[

n
∑

i=1

1 +
4x

(x2i + 1)(x2i + 9)
∆φ0i

]

=

[

((x+ l)2 + 1)(x2 + 9)

((x+ l)2 + 9)(x2 + 1)

]

∆φR
4

(4.26)

An expression is obtained atx = z
zR

, with z the front position of

the sample with respect to the focus of the Gaussian beam.∆φ0i =

∆φR∆xi, the nonlinear phase along the lengthLi of the i-th thin lens

and∆φR = k∆nzR is the total phase change along the Rayleigh length

with ∆xi = Li

zR
. l = L

zRnsample
is the normalized effective length,

nsample is the linear refractive index andL the effective length of the

sample. In line with above considerations a similar expression can be
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deduced for the TBI for a thick medium based on the TBI for a single

thin nonlinear lens53;54:

TTBI(x) = lim
Li→0
n→∞

n
∏

i=0

(1 + x2i )

qi
ln(1 +

qi
1 + x2i

)

≈ lim
n→∞

1− 1

2

n
∑

i=0

qi
1 + x2i

≈ 1

1 + 1
2

∫ x+l
x

q
1+x′2 dx′

=
1

1 + 1
2QR [tan−1(x+ l)− tan−1(x)]

(4.27)

Fig. 4.10(a) shows the simulated TBI curves, based on eq. 4.27 as a

function of l for QR =0.008. We see that with increasingl, the dip in

the TBI-scans gets deeper and broader making it a signature of a thick

nonlinear lens interaction. Fig. 4.10(b) shows TBI curves for the Si

wafers analyzed atλex = 1550 nm as a function of the optical inten-

sity determined fromw0 and the incoming power. Based onl =11,

a value extracted fromzR = 13µm, we get fit-values for the param-

eterQR =βI0nSizR for the three curves. This yields forβ an average

value of0.93 cm
GW , which is close to the literature value of0.8 cm

GW . This

analysis illustrates that the beam parameterszR en w0 are accurately

extracted and should allow to determine the nonlinearitiesof each two

photon material. However, attempts of measuring the nonlinearites of

large CdTe and small sized PbS QD-films, yielded OAI-scans that are

hard to analyse as they were blurred by scattering.

4.10 Conclusions

We have studied the nonlinear properties of PbS QD suspensions as a

function of wavelength, optical intensity and QD volume fraction using

the Z-scan technique with picosecond pulses. Knowing the characteris-

tic temperature profile buildup timetc, we modulated the laser repetition

rate and excluded thermal lensing to directly measure the electronic con-
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(a) (b)

Figure 4.10: (a) Simulation of the TBI for a thick nonlinear medium for

QR =0.008 as a function of the normalized effective lengthl. We see the that

dip gets broader and wider asl increases. (b) TBI scans atλ =1550nm for a

500µm thick Si measured at respectivelyI0 =3.2, 4.2, 5GW
cm2 (green, blue, red)

.

tribution ton2. The nonlinear refractive index is independent from the

intensity and follows the QD absorption spectrum. The FOM islarger

than 1 for the PbS QDs and is comparable with PbSe QDs and lead

chalcogenide glasses. It is argued that the creation of excitons and the

resulting photoinduced absorption in the PbS QDs lie at the origin of

the observedn2 andβ. Using transient Four Wave Mixing with 150 fs

pulses we proved that at low excitation intensities the dynamics is dom-

inated by single exciton thermalization (ns) and recombination (µs). At

higher intensities the FWM signal results in a 100 ps response. This

shows that colloidal PbS QDs are efficient and fast nonlinearmaterials.

In combination with the facile integration of PbS QDs with photonic

devices using wet deposition techniques and the easy tuningof the QD

linear and nonlinear properties ,55 this opens pathways for all-optical

signal processing on photonic platforms.
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5
Optical properties of hybrid quantum

dots waveguides

5.1 Introduction

In device applications, colloidal QDs are mostly depositedas close packed

nanocrystal thin films, either within a layered stack2 or as a surface coat-

ing3 where they interact with the internal or evanescent opticalfield,

respectively. A typical example here involves QDs embeddedin a res-

onator, where the coupling of the QD light emission to the resonator

modes eventually leads to lasing4. Essential to the development and op-

timization of such QD-based devices is a proper understanding of the

optical field in materials with embedded or surface-coated QD films,

where the influence of the QD film on the optical field is properly taken

into account. In the literature, it is well known that a dilute disper-

sion of QDs, either in a liquid or a solid host, can be described as an

effective optical medium according to the Maxwell-Garnetteffective

163



Chapter 5. Q-hybrid waveguide properties 164

Si

SiO2

W

220 nm

(b)

Si

SiO2

W

220 nm

(a)

Figure 5.1: (a) Schematic cross section of a silicon-on-insulator strip waveg-

uide (SWGs) with a height of 220 nm and a given width W. (b) Oxide pla-

narization of the SWG described in (a) using a trench isolation process1 yields

a planarized waveguide (PWG) structure.

medium theory in the local field approximation5. On the other hand, far

fewer studies have addressed the effective medium description of close

packed QD films, let alone the experimental investigation and theoret-

ical simulation of the optical properties of hybrid materials containing

close packed QD films.

In this chapter, we will first analyze the absorption coefficient of SOI

planarized waveguides (PWGs) as illustrated in Fig. 5.1 coated with

close packed mono- and multilayers – generally denoted asi-layer with

i = 1, 2, ... – of PbS/CdS QDs. We retrieve the fingerprint of the QDs in

the waveguide absorbance and find that the absorbance per QD increases

with the number of QD layers. The experimental data are compared with

simulation results, where the QDi-layers are described as an effective

medium in which the optical properties depend on dipolar coupling be-

tween neighboring QDs.6 Close agreement between the experimental

values and the simulation results is obtained using the dielectric constant

εh of the QD host material as the only adjustable parameter. We find that

the increased absorbance in thicker layers makes that a higher value of

εh is needed to match the simulated and the experimental data. We in-

terpret this as a transition from a regime where the field lines coupling

the QDs mainly pass through the surroundings (monolayer case) to a sit-

uation where these field lines are mainly confined within the QD stack
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(thicker multilayers). Importantly, the oxide planarization of the strip

waveguides (Fig. 5.1a) yielding PWGs is a trench isolation process1

which consists of six post-processing steps, and consequently increases

the cost of the PWG fabrication. As strip waveguides (SWGs) are the

backbone of silicon photonics, a profound knowledge of the properties

of these directly coated SWGs is essential for device development and

a cost-effective fabrication. Therefore we will determinethe waveg-

uide absorbance of silicon-on-insulator strip waveguidescoated with a

monolayer of PbS/CdS core/shell QDs7. Using the host permittivity de-

duced from the study in the PWGs we obtain values for the losses which

are in quantitative agreement with the experimental results. This allows

to engineer the interaction of colloidal QDs in strip waveguides, which

is more relevant for device applications. Based on SEM imaging and

the simulated QD absorption coefficient we show that the morphology

of the deposited layer directly affects the waveguide absorbance.

This chapter is divided in two main sections : Hybrid QD planarized -

and strip waveguides. For the ease of understanding and reading of the

results, the main definitions and concepts introduced in thefirst section

will be highlighted or shortly reintroduced in the latter section.

5.2 Hybrid QD/PWGs

5.2.1 Fabrication

Langmuir Blodgett technique

The Langmuir-Blodgett (LB) technique has been first conceptualized by

Pockels and developed by Irving Langmuir and his wife Katharine Blod-

gett in the late 19th century. The technique is very suitablefor obtaining

a monolayer of a solution processed based material on a solidsurface.

In the Langmuir-Blodgett technique at first a trough is filledwith water

covering an areaA, which can be controlled by barriers (Fig. 5.2). A

few drops of a diluted QD suspension in toluene (or other solvent) are

spread out on the water, and the solvent is allowed to evaporate. As the

QDs are capped by hydrophobic oleic acid ligands they will stay floating
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Figure 5.2: Langmuir-Blodgett principle. (a) After solvent evaporation the

QDs forms a sub-monolayer. (b) Compression of the QDs in a monolayer. (c)

The monolayer is deposited on the substrate at constant surface pressureΠ.

(d) The Langmuir-Blodgett isotherm shows increasing pressure with lowering

the area. The surface pressures of the different regimes as outlined in a-c are

indicated in the isotherm.
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on the water surface and form islands of nanocrystals in the water. The

surface pressureΠ of the water interface is monitored with a Wilhelmy

plate and is given by :

Π = γ0 − γ (5.1)

γ =
dG

dA
(5.2)

Here,G is the free energy of the surface containing the QD particles, γ0
is the surface tension of the pure air-water interface andγ is the surface

tension of the water surface containing the particles. Fromthe surface

pressure the free energy of the particles can be reasoned viaEq. 5.2. The

free energy is composed of three contributions : water-air interaction,

water-particle and particle-particle interactions8. Figures 5.2a-c show

the operation principle. As long as the surface area betweenbarriers of

the Langmuir trough is large, the nanocrystals can choose their interpar-

ticle distance minimizing the free energy By compressing the film the

nanocrystal islands arrange (Fig. 5.2b) and when the surface pressure

reaches a steep regime (Fig. 5.2d), a monolayer of QDs start to form as

the particles can no longer freely arrange. In this regime, reducing the

area leads to a decrease of the interparticle distance resulting in a sig-

nificant increase of the repulsive interparticle interactions and therefore

a rise of free energy. Consequently, an increase in the surface pressure9

is needed to maintain the monolayer formation. When the surface pres-

sure reaches a target value, the compressed monolayer is subsequently

transferred to the substrate (Fig. 5.2c) by vertically pulling the substrate

out of the water. During the pull out, the area is reduced at constant sur-

face pressure (Fig. 5.2d) . As we will show in the next section, the target

value is determined by repeating the LB technique at similarconditions

(material amount, substrate), but stopping the procedure at different sur-

face pressures. By inspecting the coated substrates using amicroscopy

tool (e.g, AFM) the target pressure is determined as the value resulting

in a uniform coated monolayer. Therefore, once the target surface pres-

sure is known, the LB technique allows not only for obtaininga uniform

monolayer, but also for a high control of the layer thicknessby repeating

the procedure subsequently on the same sample.
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Deposition on mica

To deposit a layer on a surface using the LB technique, a knownquan-

tity of QDs is dried and redispersed in 33µL of toluene with a QD

concentration of 9µM. Then, this QD solution is spread out on ultrapure

water, and the solvent is allowed to evaporate. After evaporation of the

toluene, the QD layer is compressed by closing the barriers at a rate of

10 cm2 min−1. During compression, the pressure is monitored with a

Wilhelmy plate attached to a microbalance. At the target pressure, the

compressed layer is transferred to the substrate of choice (e.g., mica,

glass or SOI waveguides) by vertically pulling it out of the water at a

speed of 5 mm min−1. To analyze the quality of the LB layers, we first

deposit them on a mica substrate at two different LB target pressures (18

mN/m and 30 mN/m). Mica is chosen as a test substrate as it has alow

surface roughness (1 nm) and it allows for an easy check of thelayer

uniformity using atomic force microscopy (AFM). Fig.5.3(c) shows the

corresponding LB-isotherms and Figs.5.4a,c represent AFMtopography

images of the QD-layer on mica, deposited at 18 and 30 mN/m, respec-

tively. Figs. 5.4b,d show the respective depth profiles of the deposited

QD-layers at 18 and 30mN/m. At a pressure of 18 mN/m, we observe a

large hole with a depth of≈ 10 nm. Since this value is in fair agreement

with the QD size (6.2 nm) incremented by twice the oleic acid ligand

thickness (1.8 nm10), we conclude that it indicates the transfer of an in-

complete monolayer. At a pressure of 30 mN/m, the depth profile shows

variation of≈ 1 nm in agreement with the mica roughness and therefore

the coated surface is smooth, indicating the transfer of a closed packed

monolayer. This results provide us with the parameters we need to use

for the deposition of PbS/CdS mono- and multilayers on the SOI chips

with the oxide planarized waveguides and strip waveguides.In the next

section, we will discuss the deposition of the QDs on PWGs andthe

measured QD loss values.
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Figure 5.4: (a) AFM profile of the LB deposition at 18mN/m showing a sub-

monolayer on the mica surface. (b) Depth profile corresponding to the drawn

line in (a) showing a depth of≈ 10 nm in agreement with the QDs size incre-

mented by twice the ligand thickness. (c) AFM profile of the LBdeposition at

30mN/m showing a close packed monolayer on the mica surface.(d) Corre-

sponding depth profile shows a variation of 1 nm in agreement with the surface

roughness of mica.
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5.2.2 Measurements

Absorbance of QD coated PWGs

The PbS/CdS core/shell QDs used in this work were synthesized using

the cationic exchange procedure as outlined in Chapter 2. Core diame-

ter and shell thickness were adjusted to have a band gap absorption at

≈ 1450 nm (see Fig. 5.5(a)). In this way, the long wavelength side of

the absorption peak covers the1500−1550 nm bandpass window of the

SOI grating couplers, which are used to couple light in and out of the

waveguides. This will make the QD absorption well discernible in the

measurements. Attempts of measuring the QD absorption of only core

PbS QDs on the waveguides, showed a blue shift of the QD wavelength

spectrum. This has been observed previously for PbS QDs deposited on

glass substrates11. These optically unstable films will hamper a quan-

titative study of the QD absorption. The growth of the CdS shell al-

lowed for a better passivation of the PbS core QDs yielding optically

stable PbS/CdS particles, which will enable a quantitativecomparison

between the experimental and theoretical QD absorption. Using the ab-

sorption spectrum of the original PbS QDs and the resulting PbS/CdS

QDs, core diameter and shell thickness were estimated to be 5.4 and 0.4

nm, respectively7. The QDs were locally deposited on the PWGs by

combining optical lithography and Langmuir-Blodgett deposition,11;12

forming strips of 200, 500, 1000 and 1500µm on otherwise identical

waveguides (see Fig. 5.5b). The scanning electron microscopy image

shown in Fig. 5.5c (see Fig. 5.6 for an enlarged view) is indicative of the

close packing and locally hexagonal ordering of the QDs on top of the

PWG, while atomic force microscopy imaging reveals that thePWGs

are depressed by5 − 10 nm relative to the surrounding silica, with the

QD layer conformally following this geometry (see Fig. 5.5d).

The use of QD strips with different interaction length on identical waveg-

uides enables us to quantify the light absorption in the QD functional-

ized sections of the PWGs, regardless of coupling losses (see Fig. 5.5b).

Indeed, denoting the absorption coefficient of a bare and QD coated

PWG α0 and α, respectively, the net absorption coefficientαQD =
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Figure 5.5: (a) PbS/CdS QD spectrum recorded on a dilute QD dispersion

in TCE. (b) Cartoon representation of the opitcal field coupled from the fiber

through the grating in the QD coated PWG. (c) SEM image of a (topview)

PWG coated by a QD monolayer. (d) AFM image and cross section of a PWG

coated by a QD monolayer, clearly showing the offset (l) between the top sur-

face of the (slightly submerged) PWG and its silica cladding.

α−α0 of a QD coated PWG can be derived from the transmitted power

Pt through PWGs with different QD strip lengthsL. More specifi-

cally, using the length of and the power transmitted throughone of the

QD coated waveguides as a reference, the net waveguide absorbanceA

reads:

A = − ln
Pt

Pt,ref
= (α− α0) (L− Lref ) (5.3)

In the determination ofA we neglect any contribution of the QD emis-

sion to the measuredPt, which we will elaborately discuss in section 5.3.4.
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200nm

Figure 5.6: Enlarged SEM image of the (topview) PWG coated bya QD mono-

layer in Fig. 5.5 showing clearly the local hexagonal close packed ordering of

the QDs.

Experimental results

The net waveguide absorbance is related to the net waveguideloss (dB)

as (10A log e). According to Eq. 5.3,αQD can be obtained from a plot

of A versus the strip length difference∆L = L−Lref . This is exempli-

fied by Fig. 5.7a, which showsA as obtained from measurements on a

PWG coated by a PbS/CdS QD 2-layer using the200µm strip as a ref-

erence. Clearly,A is proportional to∆L andαQD can thus be obtained

as the slope of the best fitting line passing through the origin. The dif-

ference between the absorption coefficient thus obtained –6.6(3) cm−1

– and the determined1.8 dB/cm (i.e., 0.41 cm−1) loss of an uncoated

PWG provides a first indication that the QD coating has a strong influ-

ence on the waveguide absorbance. This conclusion is further supported

by the wavelength dependence ofαQD. As shown in Fig. 5.7b, theαQD

spectrum for a mono- and a 2-layer coating strongly resembles the ab-

sorption spectrum of the PbS/CdS QDs used in a dilute tetrachloroethy-

lene dispersion. Similar results are obtained using films consisting of
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Figure 5.7: (a) (open squares) AbsorbanceA – as defined by Eq. (5.3) – at

1520nm as a function of the strip length difference∆L for PWG coated with

a PbS/CdS QD 2-layer strip of 500, 1000, and 1500µm long using the power

transmitted through a similar waveguide with a 200µm QD 2-layer as a refer-

ence and (full line) best fit of the data to a line passing through the origin with

an indication of the thus obtained absorption coefficientαQD. (b) (red, left

and bottom axis)αQD thus determined as a function of wavelength for a (filled

circles) QD monolayer and a (open squares) QD 2-layer coatedPWG. The full

lines represent the absorption spectrum of dispersed PbS/CdS QDs normalized

to match the respectively measured absorption coefficients. (blue, right and top

axis)αQD per QD layer at 1520 nm. The full line is a guide to the eye and the

dashed line indicates the average value obtained for a monolayer and a 2-layer.

up to 7-layers (see Fig. 5.8). Remarkably, we find a higher absorption

coefficient per layer for thicker layers (see Fig. 5.7b), meaning that the

absorption cross section of a QD in,e.g, a 7-layer is larger than in a

monolayer.
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Figure 5.8: ExperimentalαQD, measured as a function of wavelength for a QD

monolayer to a QD 7-layer coated PWG. The full lines represent the absorp-

tion spectrum of dispersed PbS/CdS QDs normalized to match the respectively

measured absorption coefficients.

5.2.3 Numerical description

Description of the QD-layer

To compare the experimentalαQD with model predictions, we use an

approach where the real QDi-layer covering the PWG is replaced by

an effective medium with a dielectric functionεeff (see Fig. 5.9). Us-

ing the real geometry of the PWG – including the slightly submerged

waveguide top surface, coated by a 2 nm thin native silica layer – this

enables us to extract a theoretical absorption coefficientαQD,th from the

simulated effective refractive index̃neff = neff + ıκeff of the propa-

gating quasi-TE mode:

αQD,th =
4πκeff

λ
(5.4)

This approach however requires that the dielectric function of each ma-

terial or medium involved is known. For silicon and silica, we use typi-

cal values at 1520 nm of 3.45 and 1.45, respectively. Forεeff , we build
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220 nm

450 nm

Figure 5.9: Replacement of the real QD film on top of PWG by an effective

medium. Indicated are the height differencel between the top surface of the

PWG and its silica cladding and the native silica layer in between the PWG top

surface and the effective medium representing the QD film.

on the recent finding that the absorption cross section of QDsin close-

packed monolayers similar to the ones used here can be well described

by taking dipolar coupling between neighboring QDs explicitly into ac-

count.6 As we will show in section 5.2.3, this coupled dipole model

(CDM) also applies to all PbS/CdS QDi-layers used in this study. More-

over, it can be extended to yield an expression forεeff :

εeff = εhε0

(

1 +
Ns

Lt

aQD

1− aQDS

)

(5.5)

Here,Ns is the QD surface density in the layer,Lt is the thickness of the

effective layer,aQD is the polarizability of a single PbS/CdS QD andS

is the so-called dipole sum, which sums up the influence of thedipolar

field of neighboring QDs on an individual QD in the layer. In general,S

is different for fields parallel (S‖) or perpendicular (S⊥) to the QD film.

However, the used planarized waveguides here constitutes important ad-

vantages and can hardly be underestimated. As their surfaceis nearly

flat, the QD-layer deposition is homogeneous and since the main field

component of the quasi-TE modes in the PWG lies parallel to the QD

film, only S‖ – which was analysed experimentally in6 – is of relevance

here.

Opposite fromS, which only depends on the position of the particles

relative to each other,aQD is a function ofεh and the dielectric func-

tion εQD = εQD,R + ıεQD,I of the QDs. While we considerεh as

an adjustable parameter in this study, we use calculated values – as we

175



Chapter 5. Q-hybrid waveguide properties 176

will show below – forεQD,R andεQD,I , taking care that they yield the

experimental absorption coefficient spectrum of the QDs in adilute dis-

persion while obeying the Kramers-Krönig (KK) transformation13. Im-

portantly, in this analysis, we assume that the absorption coefficient of

the PbS/CdS core/shell QDs at wavelengths shorter than 400 nm can be

derived from the bulk dielectric function of PbS and CdS, respectively

– as was demonstrated for PbS/CdS QDs7 – and we neglect possible

quantization effects in the CdS shell.

Dielectric constant of the PbS/CdS core shell QDs

The real partεR and the imaginary contributionεI of the complex di-

electric functionε of a dielectric material or equivalently the refractive

indexn and extinction coefficientκ are both related as :

εR = n2 − κ2 (5.6)

εI = 2nκ (5.7)

In bulk materials, these quantities can be typically determined from a

Kramers-Krönig analysis of the absorption coefficientµ, measured with

absorbance spectroscopy.κ is directly related toµ as 4π κ
λ , and ifκ can

be determined over a wide enough spectral range,n can be calculated

and eventuallyεR andεI is determined via equations 5.6-5.7. However,

in the case of colloidal quantum dots dispersed in a suspension, calcu-

lation is more complicated, as the absorption coefficient isdetermined

by bothεI andεR simultaneously (orn andκ). In this paragraph, we

will show how this problem is resolved, allowing for the determination

of the real and imaginary part ofε over the entire spectral domain (from

energies below the band gap to energies far above).

The dielectric response of a core/shell QDεQD depends on the complex

dielectric function of the core (εc) and the shell (εsh). To determineεc
andεsh, we use the iterative matrix inversion (IMI) method as described

in13 for core particles, but we adapt it to the use of a core/shell sys-

tem. In this method, a self-consistentεQD is obtained by minimizing

the error between the experimentally measured QD intrinsicabsorption
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coefficientµi,exp(λ) and the intrinsic absorption coefficientµi,th(λ) as

calculated according to the Mawell-Garnett mixing rule in the local field

approximation (see also Chapter 3), while requiring that the real and

imaginary part ofεQD are obeying the Kramers-Krönig transformations

:

εQD,R(λ) = ε∞ +
2

π
℘

∫ ∞

0

λ2εQD,I(λ
′

)

λ′ (λ2 − λ′2)
dλ

′

(5.8)

εQD,I(λ) =
−2

π λ
℘

∫ ∞

0

λ2
[

εQD,R(λ
′

)− 1
]

λ2 − λ′2
dλ

′

(5.9)

ε∞ is a value [equal to 1.5 for PbS13 and 5.2 for CdS ] that accounts for

higher energy transitions (λ → 0) not observed in experimentalεI 13;16.

℘ stands for the Cauchy principal value, avoiding the infinitevalues

in the integration. It is clear that if for instanceεQD,I is known over

the entire spectral domain,εQD,R can be calculated based on Eq. 5.8.

µi,exp(λ) can be directly determined from the absorbanceAsusp(λ) of a

diluted dispersion of PbS/CdS QDs, where we use tetrachloroethylene

(TCE) as the solvent:

µi,exp(λ) =
ln10 ×Asusp(λ)

fsuspLcuv
(5.10)

Here,fsusp denotes the volume fraction of the QDs in the suspension,

i.e., the ratio between the volume of all suspended QDs and the total

volume of the suspension, whileLcuv is the cuvette length (1 cm). In

the case of PbX/CdX core/shell QDs (X=S,Se), the correspondence be-

tweenµi,exp andµi,th has been confirmed by7;14, using the expression

of µi,th according to15:

µi,th =
2π

λns
Im

(

3εs
εsh [εc(3− 2q) + 2εshq]− εs [εcq + εsh(3− q)]

εsh [εc(3− 2q) + 2εshq] + 2εs [εcq + εsh(3− q)]

)

(5.11)

Here,εs, ns denote the dielectric constant and refractive index of the

solvent, respectively, whileq is ratio of the shell volume to the total

core/shell volume. As shown in Eq. 5.8,µi,exp needs to be known over
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the whole spectral range. However, absorbance spectra are typically

measured over a limited spectral range (λ > 400 nm) and therefore we

assume that the absorption coefficientµi,exp of the PbS/CdS core/shell

QDs at wavelengths shorter than 400 nm equalsµi,th, which can be can

be derived from Eq. 5.11 using the bulk dielectric function of PbS and

CdS, respectively. Furthermore, when implementing the procedure out-

lined above, we have excluded possible quantization effects in the QD

shell and used the dielectric constant of bulk CdS16 for εsh over the

entire spectral range. The obtained spectral dependence ofεc,R, εc,I is

shown in Fig. 5.10a.

Coupled Dipole model

Derivation of the effective perimittivity In the coupled dipole model,

we consider a collection of polarizable ’point’ particles embedded with

a volume densityN in an ’infinite’ extending host with permittivityεh 6

(see Fig. 5.11). We can define an effective dielectric constant εeff for

this composite medium by relating the average dielectric displacement

to the average electric field:

D = εeffE = ε0E + P = ε0E + ε0(εh − 1)E +Np0 (5.12)

In the latter sum, the polarization is split into the contribution of the host

and the additional contribution of the dipolesp0 induced on the point

particles. The latter term can be rewritten in terms of the polarizability

(aQD) of the point particles and the local electric fieldEL that polarizes

them:

Np0 = Nε0aQDEL (5.13)

Using the expression derived by17 for spherically symmetrical core/shell

particles,aQD can be expressed as:

aQD = εh
V (εsh − εh)

[

εsh + (εc − εsh)
1
3 (1− p)

]

+ ...
[

εsh + (εc − εsh)
1
3(1− p)

] [

εh +
1
3 (εsh − εh)

]

+ ...

... pεsh(εc − εsh)

... p1
3εsh(εc − εsh)

(5.14)
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Figure 5.10: (a) The dielectric function of the core (PbS) ofPbS/CdS QDs

determined using the IMI method for the KK-analysis. Dottedand full line

represent respectivelyεc,R andεc,I . (b) The real part of the complex effec-

tive refractive index̃neff (dotted line) and the extinction coefficient (full line)

extracted from applying the coupled dipole model to the PbS/CdS QD layer.

Here,p denotes the ratio of the volume of the core to the volume of the

whole core/shell particle.

In the case of a close packed layer, the local field that drivesan in-

dividual dipole i is the sum of the external field and the field of the

neighboring dipolesj:

EL,i = E +
∑

j 6=i

βi,jEL,j (5.15)

A crucial element in writing down equation 5.15 is the assumption that

because of symmetry reasons,EL is the same for all particles:

EL = E + Sε0
a0
εh

EL (5.16)

Here, S is the dipole sum which contains all contributions from the

neighboring particles (j) on the local field driving a central particle (i).

For an applied field parallel to the QD film (S‖), the dipole sum is given

by6:

S‖ =
1

4π

∑

j 6=i

(1− ikdij)(3 cos
2(θij − 1))eikdij

d3ij
+

k2 sin2(θij)e
ikdij

dij

(5.17)
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and for a field perpendicular to the QD film (S⊥), the dipole sum reads:

S⊥ =
1

4π

∑

j 6=i

(1− ikdij)e
i(kdij+π)

d3ij
+

k2eikdij

dij
(5.18)

Here,k = 2π
λ with λ the optical wavelength. The termdij relates to

the distance between particlei andj. The angleθij refers to the angle

between the polarization of the incident light and the orientation vector

from particlei to particlej.

Note that the direction of the applied field has an important consequence

on the aforementioned factorS. This is illustrated in Fig. 5.11, where

the QDs are considered as point particles (red dots) residing in an in-

finite host with dielectric constantεh. The local fieldEL as shown by

Eq. 5.16 for a given QD is a sum of the applied fieldE and the field of

neighbouring QDs induced through dipolar coupling. Therefore, if the

field is applied parallel to the QD film (Fig. 5.11a), it can be enhanced

compared to the field that would exist for a single quantum dotin the

host. While for an applied field oriented perpendicular to the QD film,

the local field can be decreased compared to the field that would exist

for a single QD in the host. The former case is only of relevance here in

the PWG since the main component of the applied field lies parallel to

the QD film. The latter case needs to be considered for strip waveguides

(section 5.2.3), where the quasi-TE field is oriented perpendicular to the

QD film at the waveguide edges.

To obtain a consistent expression forN in the case of QDi-layers, we

determine it as the ratio between the QD surface density in the layer

Ns and the thicknessLt attributed to thei-layer. In this study, we take

Lt as the product of the number of layersi and the spacing between

close-packed planes in an fcc stacking of QDs. Withd the QD diameter

(6.2 nm) andllig the thickness of the ligand shell (taken as 1.8 nm6;10),

we thus have:

Lt = 0.82(d + 2llig)× i ≈ 8× inm (5.19)

Using this definition ofN andLt, εeff is obtained as:

εeff = εhε0(1 +
Ns

Lt

a0
1− a0S

) (5.20)
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(a) (b)

eh

Figure 5.11: Schematic image of QDs represented as point particles (red dots)

surrounded by an infinite extending host (grey background) with dielectric con-

stantεh. After driving the QDs with an applied field they acquire a dipole mo-

ment indicated by the blue arrows. (a) For an applied field parallel to the QD

film, dipolar coupling between neighbouring QDs will resultin an increase of

the field at a given particle. (b) For an applied field perpendicular to the QD

film, the coupling due to neighbouring QDs will result in a suppression of the

field at a given particle.

In Fig. 5.10b, we plot the spectrum of the real and imaginary part of the

refractive index as derived fromεeff for a PbS/CdS QD monolayer with

a surface densityNs =1.21012 1
cm2 and takingεh =1 andLt =8 nm.

Multi-layers The use of the coupled dipole model to analyze the ef-

fective permittivity of nanocrystal composites was elaborated by6 for

the case of a single component monolayer on a glass substrate. Their

analysis showed a remarkable absorption enhancement effect absent in

other effective medium models for dilute systems, such as the Maxwell-

Garnett mixing rule. However, the experimental and theoretical analy-

sis was limited to monolayers of QDs. As shown in Fig.5.12b, the ratio

between the absorbance of a QDi-layer (on glass) and the number of

layers is in a good approximation constant, which means thatthe same

absorption enhancement as for monolayers holds fori-layers. We can

thus extend the expression ofεeff that follows from the coupled dipole

model to the analysis of QDi-layers. All the layers show a strong hexag-
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onal close packing order as illustrated in Fig. 5.12a for a monolayer of

PbS nanocrystals.

5.2.4 Simulations

Combining the geometry of the PWG cross section and the expression

for εeff – based on the coupled dipole model and the self-consistently

determinedεQD – the electric field of the guided optical mode in the

PWG can be calculated, resulting in theoretical values forñeff and

αQD,th. As an example, Fig. 5.13a represents the electric field at a wave-

length of 1520 nm for a PWG covered by a QD monolayer as obtained

using Fimmwave 6.4 full vectorial complex mode solver. The figure

clearly shows the overlap between the QD film and the evanescent field,

which makes that light absorption by the QDs affectsκeff and leads to

a non-zeroαQD,th. The determination ofαQD,th would not be possible

trough a transmission measurement of monolayer coated glass in a spec-

trophotometer as the absorbance would fall within the noiserange. As

shown in Fig. 5.13b, a close match can be obtained between thesimu-

lated and experimentalαQD spectrum for a QD monolayer-coated PWG

by adjustingεh. It should be noted that theεh value needed to match the

experimental and simulatedαQD somewhat depends on the geometry of

the PWG. Looking at the AFM cross section of the PWG (see Fig. 5.5d),

an exact value of the height differencel between the top surface of the

PWG and its silica cladding is hard to determine. Varyingl between 6

and10 nm as extreme cases, we obtain agreement between experiment

and simulation forεh = 1.0 (l = 6nm) to εh = 1.16 (l = 10nm). For

QDs capped by oleic acid (ε=2.1 at 2000 nm18), both figures are rela-

tively low yet they agree with theεh = 1.0 found for PbS and CdSe QD

monolayers deposited on glass.6

The approach as outlined above can be readily extended to simulate

αQD for PWG covered by QDi-layers. Using once moreεh as an

adjustable parameter, correspondence between experimental and sim-

ulated values can be obtained as shown by the example of a 7-layer in

Fig. 5.14. Importantly, the increasing QD absorption crosssection with
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Figure 5.12: (a) Monolayer of PbS nanocrystals deposited onTEM grid. Inset

: The fourier image of the monolayer yields a hexagonal diffraction pattern

clearly illustrating the strong hexagonal order within themonolayer. (b) The

absorbanceAi per layer ofi-layers of PbS and PbS/CdS QDs normalized rela-

tive to the absorbance of a close packed monolayer atλ = 400 nm as a function

of the number of layersi.

thicker layers makes that a largerεh is needed to fit the simulations to

the experimental data when the number of layers increases. As shown

in Fig. 5.14b and Fig. 5.15, anεh in the range of 1.00-1.16 is obtained

in the case of a monolayer, whereas values between 1.47 and 1.50 are

found for the simulation of the 7-layer usingl = 6 and l = 10nm,

respectively. This demonstrates that in the case of a QDi-layer with

i close to one,εh is not an intrinsic property of the QD film. Since

the field lines that couple neighboring QDs in a monolayer mainly pass

through the surroundings, the combined effect of the layerssurround-

ing the QDs – air and native silica on silicon – and the organicligands

separating the QDs will determineεh in this case. For thicker layers

however, the larger part of these coupling fields remains within the QD

film. In that respect, the trend shown in Fig. 5.14b can be interpreted as

the progressive evolution ofεh from an extrinsic value, determined by

the layer and its surroundings, in the monolayer case to a value that is

an intrinsic property of a QD multilayer.
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Figure 5.13: (a) Cross-sectional representation of the simulated electric field

for 1520 nm light guided by a PWG coated by a QD monolayer. (b) Com-

parison of the experimental and simulatedαQD absorbance spectrum of a QD

coated PWG for two different combinations ofl andεh.

5.3 Hybrid QD/SWGs

In the previous section, we studied the waveguide absorbance of QDs

deposited on oxide planarized waveguides (PWGs), which allowed to

deduce the host permittivity needed to describe the effective permittiv-

ity of the coated layers. In this way, the obtained effectivepermittivity

could be linked with the QD induced waveguide losses using a com-

plex mode-solver (Fimmwave 6.4). Importantly, the oxide planariza-

tion of strip waveguides is a trench isolation process1 which consist

of six post-processing steps, and consequently increases the cost of the

PWG fabrication. As strip waveguides (SWGs) are the backbone of sil-

icon photonics, a profound knowledge of the properties of these directly

coated SWGs is essential for device development and a cost-effective

fabrication.

5.3.1 Fabrication

For the fabrication of the QD-layers on the strip waveguideswe will

rely on the Langmuir-Blodgett technique as explained in section 5.2.1

together with the study of the QD deposition on mica. The results there

showed that at surface pressures of 18 mN/m and 30 mN/m the LB depo-
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Figure 5.14: (a) Comparison of the experimental and simulatedαQD spectrum

of a PWG coated with (blue) a QD monolayer and (red) a QD seven layer. The

respective axis are scaled by a factor of 7 to allow for a direct comparison of the

absorbance per number of layers. (b) Evolution ofεh values needed to match

experimental and simulated absorption coefficient calculated for the extreme

case of (red)l = 6 and (blue)l = 10 nm.

sition yielded a sub-monolayer and a uniform close packed monolayer,

respectively. Figs. 5.16a-d show SEM images for various samples of

QDs deposited on SOI strip waveguides. Figs. 5.16a-b show the top

surfaces of LB depositions at the respective pressures of 18mN/m and

30 mN/m retrieving a sub-monolayer and a close packed monolayer on

top of the surfaces, which is in confirmation with of the previous re-

sults. Nevertheless, inspecting the side of the waveguides(Fig. 5.16c)

we note that some parts of the waveguidesmay not be coveredby the

QDs. These parts are typically located at the corner betweenthe waveg-

uide edge and the trench. The SEM picture in Fig. 5.16d illustrates this

more clearly. These deposition anomalies might affect the measured

waveguide absorbance and as we will show need to be considered in our

simulations.
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Figure 5.15: The full lines represent the absorption spectrum of the simulated

αQD spectrum with the neededεh values forl = 6nm to match the experi-

mental and simulated absorption coefficient. Similar curves where obtained

for l =10nm.

5.3.2 Measurements

Absorbance of QD coated SWGs

In this work, we make use of two different PbS/CdS QD samples,de-

noted by A and B, with a first exciton peak at 1520 nm and 1450 nm,

respectively. The initial PbS core QDs are prepared using a procedure

as described by19–21. For the CdS shell growth, a cationic exchange pro-

cedure was used. The samples are chosen such that the peak wavelength

(sample A) or the long wavelength side (sample B) of their first exciton

transition falls within the bandpass window of the grating couplers, thus

enabling a clear observation of the QD losses through the waveguide ab-

sorbance. The waveguide absorbance is monitored using a laser which

is wavelength tunable around 1520 nm. The laser light is injected into

a polarization controller to maximize the coupled light in the TE-mode

grating couplers of the waveguide. Core size, shell thickness and the

basic optical characteristics of the PbS/CdS QDs used are summarized

in Table 5.1. The QDs are deposited locally on the SWGs using optical

lithography combined with Langmuir-Blodgett deposition12, yielding
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Figure 5.16: SEM images of various QD coated strip waveguides using the

LB-technique. (a) Top view image of a QD coated strip waveguide at a surface

pressure of 18 mN/m showing a sub-monolayer on top of the waveguide sur-

face. (b) At a surface pressure of 30 mN/m the top surface of the strip waveg-

uide is well covered yielding a uniform close packed monolayer. (c-d) SEM

pictures of QD coated strip waveguides (surface pressure of30 mN/m) showing

the sidewalls of the waveguides.
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Figure 5.17: (a) Optical microscopy image of a sample with strip waveguides

coated by a QD monolayer with various strip lengths and a representation of

the optical field coupled from the fiber through the grating inthe QD coated

SWG. (b) SEM picture illustrating a close packed QD-monolayer coating the

strip waveguide. (Inset) Zoom of the SEM image showing clearly discernable

quantum dots on the sidewall of the strip waveguide. (c) AbsorbanceA of

sample A− as determined according to Eq. 5.21− at 1520 nm as a function

of the strip length difference. (d) representation of (fullred line) absorption

spectrum of sample B as recorded in tetrachloroethylene (TCE) and (markers)

the measuredαQD spectrum for strip waveguides coated by a monolayer of

sample B QDs. The absorption spectrum in TCE has been rescaled to stress

the correspondence between both quantities.
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strips of hexagonally close packed monolayers of QDs on the waveg-

uide (see Fig. 5.17a-b). The strip lengths are varied from 100, to 200,

500, 1000, 1500 and 1750µm. In this way, the QD absorption coef-

ficient αQD can be determined, which is the QD induced loss due to

absorptionin the SWG, excluding any coupling losses. As part of the

QDs can re-emit the absorbed photon back into the SWGs, the induced

absorption loss may be partly lifted leading to a decrease ofαQD and

a net QD absorption coefficientα∗
QD will be measured. If we defineα

as the total loss of the QD coated waveguide andα0 as the loss of a

bare waveguide thenα∗
QD is given byα − α0. Denoting byL andPt

the length of the QD covered part of a strip waveguide and the power

transmitted through that waveguide and byLref andPt,ref the same, yet

for a reference waveguide,α∗
QD can be determined from the waveguide

absorbanceA according to:

A = − ln
Pt

Pt,ref
= (α− α0) (L− Lref ) (5.21)

Fig. 5.17b illustratesA as a function of strip length difference∆L =

L − Lref for a SWG coated with a PbS/CdS QD monolayer, using the

100µm strip as a reference. The full line represents the best fit ofthe

data, yieldingα∗
QD as the slope ofln Pt

Pt,ref
vs. L − Lref . As we will

show below, the QD emission contribution can be discarded, such that

α∗
QD equalsαQD. In what follows, we will therefore denote the mea-

sured net QD absorption coefficient byαQD.

Experimental results

Fig. 5.17c shows thatαQD is determined as 20.2cm−1 (9 dB/mm) for

sample A at 1520 nm. As the typical losses of uncoated waveguides are

0.45cm−1(0.2 dB/mm) , this pronounced increase in loss indicates the

presence of QDs on the strip waveguide. SimilarαQD values are ob-

served for sample B (see Fig. 5.17d), where the wavelength dependence

resembles the spectrum of the QDs dispersed in tetracholoroethylene.

This clearly shows the interaction of the quantum dots with the optical

field in the SWGs.
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5.3.3 Numerical description

To compare the experimental QD absorption with model predictions,

we use an approach where the real QD layer covering the SWG is re-

placed by an effective medium with a dielectric functionǫeff . Using the

waveguide geometry as shown in Fig. 5.18a this enables us to extract a

theoretical absorption coefficientαth from the simulated effective re-

fractive indexñeff = neff + iκeff of the propagating quasi-TE mode:

αth =
4πκeff

λ
(5.22)

This approach however requires that the permittivity of each material or

medium involved is known. For silicon and silica, we use typical values

for the refractive index at 1520 nm of 3.45 and 1.45, respectively. For

ǫeff , we use the expression based on the coupled dipole model studied

before in section 5.2.3:

εeff = εhε0

(

1 +
Ns

δ

aQD

1− aQDS

)

(5.23)

Here, δ denotes the assumed thickness of the effective layer (see Ta-

ble 5.1), which amounts to the nanocrystal diameter increased by 3.6 nm

to account for the thickness of the oleate ligand shell10. Importantly, the

dipole sumS is in general different for fields parallel (S‖) or perpendic-

ular (S⊥) to the QD film. Consequently,S will be different for QDs on

top or at the edge of the quasi-TE mode excited SWGs. In contrary to

S, which only depends on the position of the particles relative to each

other,aQD is a function of the host permittivityǫh and the dielectric

function ǫQD = ǫQD,Re + iǫQD,Im of the QDs.ǫh was shown in sec-

tion 5.2.4 to be an extrinsic property depending on the layerthickness

and the surrounding environment of the QDs, where a value ofǫh in the

range 1-1.16 was determined for a QD monolayer.ǫQD,Re andǫQD,Im

are calculated values taking care that they yield the experimental absorp-

tion coefficient spectrum of the QDs in a dilute dispersion while obeying

the Kramers-Krönig transformation13. Importantly, in this analysis, we

assume that the absorption coefficient of the PbS/CdS core/shell QDs
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at wavelengths shorter than 400 nm can be derived from the bulk di-

electric function of PbS and CdS, respectively as was demonstrated for

PbS/CdS QDs7 and we neglect possible quantization effects in the CdS

shell. For the numerical values ofǫeff we refer to section 5.2.3 as the

samples used there for the planarized waveguides are similar to the ones

here in strip waveguides and this will allow for a comparisonof αQD

for both types of waveguides.

5.3.4 Simulations

Given the SWG cross section and the expression forǫeff that results

from the coupled dipole model and the self-consistently determinedaQD,

the electric field of the guided optical mode in the SWG can be calcu-

lated, resulting in theoretical values forneff andαth. As an exam-

ple, Fig. 5.18c represents the electric field alongEx at a wavelength

of 1520 nm for a SWG covered by a QD monolayer as obtained using

Fimmwave 6.4 full vectorial complex mode solver. The figure clearly

shows the overlap between the QD film and the evanescent field,which

makes that light absorption by the QDs affectsǫeff and leads to a non-

zeroαth.

Results

In Fig. 5.17b, the SEM picture clearly shows a close packed QDmono-

layer covering the strip waveguide. As outlined in sec. 5.3.1 we note that

some parts of the waveguide may not be covered by QDs. These parts

are typically located at the corner between the waveguide edge and the

trench and might affect the measured waveguide absorbance.Therefore,

to account for these possible deposition anomalies in the calculatedαth,

we start from the schematic geometries as shown in Fig. 5.18a-b, where

the waveguides are respectively coated by a QD monolayer covering the

whole waveguide surface and a waveguide showing a gap at the SWG

corners.t1 andt2 denotes respectively the size of this gap at the waveg-

uide edges and trenches. Using a value ofǫh = 1.16, the simulated

αth is calculated for sample B (see Fig. 5.18d). By settingt1 equal to
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Figure 5.18: (a) Schematic view illustrating a perfect monolayer of PbS/CdS

QDs conformally covering the SOI strip waveguide surface. (b) The model

structure used to simulate the surface morphology with uncovered parts at the

waveguide edges (t1) and trenches (t2). (c) The calculated TE field component

|Ex| of the quasi-TE mode, for a perfect monolayer showing the clear interac-

tion of the optical mode with the QD top and edge interface layers. The field

strength increases from light to dark blue. (d) (lines) the simulatedαth spec-

trum for different values oft1 andt2 as indicated (t1 = t2 for all simulations).

The experimental values (blue markers) coincide with the simulated values for

t1 = t2 = 0nm.

t2 and varing these parameters from 0 nm (a perfect layer) to 220nm

(completely sparse SWG-edges and trenches). A good match between

the experimentalαQD and the simulatedαth is obtained, ift1 and t2
equal zero. This indicates that for sample B, the depositionanomalies

are minor and the strip waveguide is well covered.

Note that for sample B,αQD is 21cm−1 around 1520 nm. This value

is about 6 times larger than the 3.6cm−1 (1.6 dB/mm) measured for a

monolayer of QDs deposited on a planarized waveguide (see sec. 5.2)22.

A first look at the simulated field (Fig. 5.18c) already indicates that this

is most likely due to the strong field at the edges of the waveguide. From

these simulations, we can calculate the confinement factorΓ, which

yields the fraction of the power in the guided mode that passes through
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the QD-layer. In the case of a strip waveguide, aΓ of 3.6% is calcu-

lated. This number is composed of contributions for the QDs covering

the SWG edge, top and trench, amounting to 2.1%, 0.96% and 0.55%,

respectively. Hence, almost 60% of the total power passing through the

QD monolayer on the SWG is attributed to the QDs at the edge. A sim-

ilar calculation for QDs deposited on a planarized waveguide yields a

total Γ of about 0.8%, a number similar to what is obtained for the top

surface of the strip waveguide. Since the increase in confinement factor

agrees with the increase in absorption coefficient, the strongly enhanced

absorption in strip waveguides as compared to planarized waveguides

mainly reflects an enhancedΓ, especially due to the waveguide edges

being covered by QDs.

For sample A, a value ofαQD = 20.2cm−1 is experimentally deter-

mined at 1520 nm. Here, if we sett1 = t2 = 0 a value of 26cm−1

is calculated, overestimating the 20.2cm−1 value. Fig. 5.19 shows the

simulations for different values oft1 and t2. Although, we have two

degrees of freedomt1 andt2, we can determine possible ranges fort1

andt2, given the condition thatαth needs to matchαQD as indicated by

the dashed green line in Fig. 5.19. At first, we notice an exponential de-

crease inαth with increasingt2, which reflects the decreased influence

of the QDs, due to the removal of the QDs near exponentially decay-

ing TE-mode along the x direction. The typical 1/2e decay constant

along the x-direction for all theαth curves at the differentt1 values is

≈ 100 nm. Secondly, from the figure we can determine an under- and

upperlimit value fort1, which we will denote ast1,min andt1,max. For

t1,min a value of 20 nm is found and corresponds tot2 =∞. This situa-

tion represents a totally uncovered waveguide trench and a gap of 20 nm

at the SWG-edge.t1,max is determined as 90 nm and corresponds to

t2 = 0 nm. This case corresponds to a completely filled trench, while a

large gap is present at the waveguide edge. As these values show the

extreme cases and given that in practice 0 nm< t2 <200 nm one can

expect at1 value lying between 20 nm and 90 nm.

In the previous paragraph the ranges oft1 andt2 were obtained without

taking into account≈10% error ofαQD. Moreover,ǫh was determined

193



Chapter 5. Q-hybrid waveguide properties 194

in the range 1-1.16 and we used a value of 1.16 in the simulations and

we have neglected possible scattering losses as these layers will become

inhomogeneous around the gaps. All these effects are expected to have

very small consequences on the obtained results fort1 andt2.

In summary, using anεh value determined from the previous result

(sec. 5.2)22, whereεh is obtained from a simple planar geometry, we

are able to model the QD absorption coefficient in more complex strip

waveguides. Part of these coated SWGs may not be covered. To ac-

count for these possible deposition anomalies, we take intoaccount the

morphology of the QD-layer in the simulated absorption coefficients, as

discussed in the previous paragraphes.

Emission contribution

In the above discussions, a meaningful comparison of the simulatedαth

and experimentalα∗
QD as defined in sec. 5.3.2 was only possible if the

re-emission of light absorbed by the QDs in the SWGs can be neglected.

Therefore we need to calculateQY η
2 , which is the product of the photolu-

minescence quantum yieldQY and the coupling efficiencyη, denoting

the photon coupling coefficient from the QD-layer to the propagating

mode in the waveguide. Each QD will re-emit the absorbed photon with

a probability ofQY × η
2 . If we defineN(z) as the amount of photons

per unit area per unit time at a certain positionz along the propagation

direction of the waveguide, then the amount of lost photonsdNabs due

to QDs within a small sectionz, z + dz is :

dNabs = −αQDNdz (5.24)

From the absorbed photons wihtin the sectiondz, there will be a frac-

tion QY η
2 re-emitted in the positive z-direction, which will lead to an

increase of the photon population. Therefore the amount of emitted

photonsdNem within the sectiondz will be :

dNem = −dNabs
QY η

2
(5.25)

To simplify, we regarded the QDs as all absorbing and emitting around

the same wavelength and neglect any reduce of the emitted power due
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Figure 5.19: Simulatedαth for sample A for different combination oft1 and

t2. The crossing of the experimentalαQD (green dashed line) with different

αth curves yields allowed values fort1 andt2.

to broadening of the QD emission spectrum. In this way,dNem can be

seen as an upper limit of the emitted photons around the wavelength of

study. The total change of the photonfluxdN reads:

dN = dNabs + dNem = −αQD(1−
QY η

2
)N (5.26)

Integration of the above equation and multiplying the photonflux with

the photon energy yields for the power at the end of the waveguide:

P (L) = P0e
−αQD(1−QY η

2
)L (5.27)

Therefore, the QD absorption coefficientαQD will be lowered by a fac-

tor 1− QY η
2 yielding a netto loss coefficient:

α∗
QD = αQD(1−QY

η

2
) (5.28)

The factor 2 in the denominator, accounts for the fact that only half of

the spontaneously emitted photons will be collected at one of the waveg-

uide ends. Clearly, ifQY = 1 andη = 1, then for each two absorbing

QDs, one photon will be emitted with a direction to the waveguide end,

and thus the netto loss coefficient will be half the QD absorption coef-

ficient. Otherwise, ifQY × η << 1, the contribution of the emission

to the waveguide loss can be neglected. In the next paragraphes we will
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estimate the emission contribution (QY η
2 ) for both planarized - and strip

waveguides yielding conclusions for the measuredαQD in these waveg-

uides.
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Figure 5.20: Photoluminescence spectrum of the PbS/CdS QDsused in this

work after excitation at 750 nm. The QDs are dispersed in tetrachloroethylene.

The emission peak is at 1520 nm.

PWGs To estimate the emission contribution in the hybrid QD/PWGs

as studied in sec. 5.2, we note that in dispersion, the PbS/CdS QDs used

there have a photoluminescence peaking at 1520 nm (see Fig. 5.20) and

a quantum yield of 37%, as determined using an integrating sphere23;24.

When deposited on waveguides, part of this luminescence maybe cou-

pled to the waveguides, thus raising the transmitted power and lowering

the resulting absorption coefficient. In general, thisQY goes down af-

ter Langmuir-Blodgett deposition on silicon25;26, such that the value of

0.37 should be seen as an upper limit. For determiningη
2 , we use an

FDTD numerical solver to determine the fraction of the poweremitted

by a dipole oscillator that is coupled to the waveguide modes. The os-

cillator is located at a distance of 20 nm from the surface, which should

be regarded as an average position of the QD-monolayers relative to the

waveguide surface. Along the light propagation direction,the oscilla-

tor is put at the center of the waveguide and we find thatη
2 amounts

to 0.15. Here, we averaged over the three spatial directionsin which
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the dipole can oscillate. This shows that the emitted light (QY η
2 ) will

amounts to, at its best, 5.6% of the absorbed light. This number falls

within the≈10% error of ourαQD measurements, and the contribution

is therefore discarded.

SWGs To calculate the emission contribution in the hybrid QD/SWGs

we first consider sample B (see Table 5.1). This sample is similar to the

one used for PWGs and the upperlimit for theQY is 0.37 as discussed in

the previous paragraph. For the determination ofη
2 we take into account

the waveguide geometry in strip waveguides, the oscillatoris located at

two positions : On top and at the edge of the SWG surface (Fig. 5.21a-

b). Both oscillators are placed at a distance of 5 nm from the SWGs,

which is equal to the distance between the QD center positions and the

SWG-surface. Along the mode propagation direction, the oscillators are

put at the center of the waveguide and we find thatη
2 amounts to 0.125 at

1520 nm for both oscillator locations. Where we averaged over the three

spatial directions in which the dipoles can oscillate. Thisshows that the

emitted light (QY η
2 ) will amounts to, at its best for 4.6% of the absorbed

light (see Fig. 5.21). In line with the conclusion for PWGs, this number

falls again within the≈10% error of ourαQD measurements, and the

contribution of the QD emission is therefore discarded for sample B.

For sample A, the emission peak lies beyond 1590 nm (see Table5.1)

and is out of the bandpass range of the grating couplers and therefore

the emission contribution needs not te be considered.

Comparison with Maxwell-Garnett

In the previous paragraphs we simulatedαth using the effective per-

mittiviy εeff based on the coupled dipole model (CDM) as given in

Eq. 5.23 and clearly demonstrated its relevancy for describing close

packed nanocrystal films on SOI waveguides. Other approach for de-

riving εeff is based on the Maxwell-Garnett theory, where this model

is numerously applied for QDs dispersed in a dilute (liquid)mixture5.

In the MG theory,εeff is derived assuming the QDs to be spherical,

randomly dispersed and occuping a low volume fraction (f << 1) in a
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Figure 5.21: (a) Coupling efficiencyη andηQY
2 as a function of the wavelength

for a dipole oscillator located 5 nm away from the top waveguide surface. (b)

Wavelength dependency ofη andηQY
2 for a dipole oscillator located 5 nm from

the edge SWG-surface, which is the distance from the QD center positions and

the SWG-surface.

dielectric host. Although the QDs in our films are hexagonally ordered

and show a close packed occupation, the MG approach is widelyused

and therefore it is interesting to verify if MG still appliesunder the men-

tioned conditions. We will demonstrate this by comparing the simulated

αth value for sample B at 1520 nm for both – coupled dipole and MG –

models. As derived in chapter 3, the effective permittivityfor QD dilute

mixtures based on MG reads:

εeff = εhε0
1 + 2fβ

1− fβ

β =
2aQD

πd3
(5.29)

Here the parametersaQD, d and εh are respectively the QD polariz-

ability, size and host permittivity.f is the effective volume fraction of

the QDs, i.e. the fraction of the volume that the QDs occupy with re-

spect to the surrounding ligands and the close packed configuration and

f is determined as 0.19. By applying Eq. 5.29 using the same param-

eter values as in CDM, we determine anαth value of 25.9cm−1 based

on the MG model. This contrast with theαth value of 21cm−1 as de-

termined based on the CDM and consequently this shows that the MG

model is not applicable for the hexagonally close packed films on the
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SOI waveguides. Interestingly is that theαth value based on the CDM

is lower compared to one obtained using MG. This can be understood

considering that almost 60% (see sec. 5.3.4) of the light passes through

the waveguide edges and the applied quasi-TE field at these edges (see

sec. 5.2.3) results in a dipolar coupling with a suppressionof the local

field compared to the field that would exist for a single QD withthe

same host,i.e., similar to the low volume fraction approximation within

the MG approach as outlined here.

5.4 Conclusions

We have studied light absorption in planarized SOI waveguides func-

tionalized with a top coating of PbS/CdS QD mono- to multilayers. The

experimental absorption coefficients can be simulated using an approach

where the QD layer is replaced by an effective medium with an effec-

tive dielectric function determined by dipolar coupling between neigh-

boring QDs. This approach leaves the host dielectric constant εh as the

only adjustable parameter and provides a generic scheme to model opti-

cal properties of composite materials containing close packed QD films.

Using εh to match experimental and simulated absorption coefficients,

we find thatεh systematically increases for thicker films. We interpret

this as an evolution ofεh from an extrinsic property, both determined

by the QD films and the surrounding layers, to a more intrinsicproperty

of the QD layer. To the best of our knowledge, this is the first demon-

stration of howεh – a typical parameter introduced in effective medium

theories – depends on the dimensions of the layer modeled. Inaddition,

we have studied light absorption of colloidal PbS/CdS QDs inSOI strip

waveguides. Using Langmuir-Blodgett deposition, close-packed mono-

layers are formed on the strip waveguides. By analyzing the waveguide

absorbance, we show a clear interaction of the QDs with the quasi-TE

optical mode. The experimental absorption coefficients dueto the pres-

ence of the QDs can be simulated using the host permittivity determined

in the QD/coated PWGs. Through FDTD simulations we can correct for

possible QD emission in the waveguides, which turns out to benegligi-
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ble in our work. Therefore, the study allows for a complete engineering

of absorption and possible emission in (strip) waveguides and as col-

loidal QDs are easily deposited using wet chemical procedures, these

results pave the way for the development of cost-effective silicon pho-

tonic devices.
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sample A sample B

Absorption peak (nm) 1515 1450

Diameter (nm) 7.04 6.2

Shell thickness (nm) 0.66 0.40

Emission peak (nm) >1590 1520

δ (nm) 10.6 9.8

αQD in SWGs (cm−1) 20.2 21

Table 5.1: The properties of PbS/CdS core/shell samples determined via op-

tical absorption in a TCE colloidal solution. The emission peak of sample

A could not be determined due to the low sensitivity of the InGaAs detector

around 1600 nm.αQD is the absorption coefficient at 1520 nm of the QD-layer

covering the SWGs that is discussed in sec. 5.3.4.
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6
Prospects of colloidal quantum dot

absorption for photonic applications

6.1 Introduction

In the present days, it is difficult to imagine life without communication.

In the early century this communication was mainly conducted using

(slow and high loss) electrical – twisted pair or coaxial – cables. But, the

growth of internet use has led to a need of more bandwith and there has

been increased dependence on (fast) optical communicationin the past

few decades. This idea of all-optical networking is being implemented

commercially or developed for different systems. Long-reach transmis-

sion systems, enabling transport information at long distances (20 km -

3000 km) from one to another part of the world, are commercialized.

Short distance communication systems (10 m - 20 km) have madetheir

presence with an increased reliance on optical communication. As ex-

amples, server-to-server data transport and fiber-to-the-home (FTTH)
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applications start to become commercialized in certain locations. FTTH

is a concept of full optical connection in the last kilometer– in stead

of classical coax-cable – from a central provider to the userat home,

allowing access to larger bandwith.

Unlike off-chip systems,i.e. long haul and short reach communication,

on-chip communication systems and computing applicationsare under

development and will rely more and more on the use of optics and pho-

tonics1. In an optical communication system light is send from a trans-

mitter through a communication or transmission channel andis send

to a receiver. The collection of the communication links together with

other devices providing information exchange and processing is called

a network. Communication for long distances is typically fiber based

as single mode fibers are low loss (0.2 dB/km at 1550 nm) and have a

potential speed bandwith of up to 101.7 Tb/s (Terabits per sec)1 to be

employed for traffic2;3. Moreover, wavelength can be used to perform

complex functions as routing and switching. In this context, wavelength

division multiplexing (WDM) is a technology which combinesa num-

ber of optical carrier (data) signals onto the optical fiber by using dif-

ferent wavelengths of laser light4. This technique offers a very effective

way of using the fiber bandwith directly in the wavelength domain, in-

stead of the time domain;E.g. by using 10 wavelengths (channels) one

can increase the information transport by a factor of 10. Thenumber

of wavelengths in a WDM network determines the number of indepen-

dent paths or adresses that can be used and this number shouldbe large

enough to fulfill a needed information capacity. It is very common that

this number is not sufficient to support a large number of nodes in a

network leading to an increased blocking probability5. This rises if a

given output port for a certain wavelength channel is occupied by ear-

lier data traffic then other succeeding data with the same wavelength

can not be routed to the output port until the earlier data traffic has left

the given port. A way to overcome this limitation is by converting one

wavelength to another belonging to a free data channel, hence the need

1i.e. a data speed reached by the use of 370 data channels and therefore the current

potential bandwith per channel is 290 Gigabits/s
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for wavelength conversion.

Besides the motivation for wavelength conversion to reducethe blocking

probability, it allows to increase the flexibilty of networks. Wavelength

conversion permits network management into smaller subnetworks and

allows flexible wavelength assignments within the subnetwork as illus-

trated in Fig 6.1. The networks operators (1-2) can manage their own

network and wavelength conversion could allows for communications

between subnetwork 1 and subnetwork 2.

In this chapter we will discuss the possible implementationof a Pb-

S/CdS QD based wavelength convertor in a silicon-on-insulator plat-

form. We will define a figure of merit (FOM ), which is a measure of

the transforming capability of the QD wavelength convertor, for silicon

on insulator strip waveguides. We will perform simulationsfor obtain-

ing thisFOM for QD-coated strip waveguides. At first we will intro-

duce the concepts and definitions to understand the simulated results by

considering conversion on a microsecond timescale. Although, this is

a very slow process for practical use it will allow us to deduce analyt-

ically an expression for theFOM and we will obtain a first estimate

of the interaction lengths needed for the QD-layer coveringthe SWGs.

Next, we will perform simulations on a much faster ps timescale, where

we will demonstrate the use of the QDs as a 10 GHz speed wavelength

convertor for different telecom bands : O-band (1274-1346 nm), C-band

(1530-1565 nm) and L-band (1565-1625 nm). By appropriatelytuning

the bandgap of the QDs, the wavelength conversion can be perfomed

either within different telecom bands or from a short - to a longer wave-

length band,e.g. from the O- to the L-band. In the former case, the

bandgap of the QDs needs to match the wavelength region of theneeded

band and the conversion is done by involving the interband absorption

transition of the QDs first 1S-1S energy level. While, in the latter case

the bandgap of the QDs needs to be chosen around the wavelength re-

gion of the short band and the conversion is performed involving the

intraband aborption transitions from the QDs valence and conduction

bands.

209



Chapter 6. Q-wavelength conversion 210

Wavelength conversion

Subnetwork 1

Subnetwork 2

l1

l2

Figure 6.1: Schematic illustration of managing a large network into smaller

subnetworks – illustrated here for two subnetworks – using wavelength conver-

sion. Network operators 1,2 are responsable for their subnetwork with wave-

length assignmentsλ1 andλ2, respectively.

6.2 Light propagation in a dielecric medium

In the previous chapter we have described the use of waveguides and

more specifically, strip and planarized waveguides. Nevertheless, we

did not describe in detail how the propagating modes are related to

Maxwell’s equations and their resulting asborption coefficient in a waveg-

uide. As our wavelength convertor is absorption based and consists of a

QD-layer and the SOI waveguide, both need to be considered for an op-

timal operation. However, we will focus in this chapter onlyon the sim-

ulation of the QD-layer and address the issues that could be considered

for further optimizing the waveguide part. Consequently, we will rely

on absorption coefficients obtained in the previous chapterand before

we describe the simulation of the QD-layer we will deepen ourinsight

into how (dielectric) waveguides are described to address the possible

issues properly.
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6.2.1 Maxwell’s equations

A dielectric waveguide is an important concept in present day optical

communication technology. The purpose of an optical waveguide is

guiding light. The most known dielectric waveguide is the glass fi-

bre, which is a key building block of the internet. Another example

is a dielectric waveguide on a photonic integrated circuit (PIC), which

guides light between different components in the PIC. Depending on

the desired functionality, optimization of the geometry ofthe waveg-

uide to target a certain field distribution is desired. Fields propagating

in a (strip) waveguide can be described by a superposition ofsolutions

(eigenmodes) of these waveguides. The interaction of lightwith matter

is generally described by Maxwell’s equations :

∇× E = −∂B
∂t

(6.1)

∇× H =
∂D
∂t

+ J (6.2)

∇.D = ρ (6.3)

∇.B = 0 (6.4)

Here,E, H, D andB are the electric field, the magnetic field, the electric

displacement and the magnetic displacement , respectively. These quan-

tities are related to each other by the constitutive relationships. These

are given for dielectric and non-magnetic materials as :

D = ε(r )E (6.5)

B = µ0H (6.6)

whereε is the permittivity and generally depends on the positionr =

(x, y, z) within the material.µ0 is the permeability of vacuum. Taking

the charge sources – free charge densityρ and the currentJ – to be

zero for a piecewise homogeneous dielectric medium with piecewise

constant permittivityε, the above equations can be rewritten and the

optical waves should satisfy the wave equation (together with respective

boundary conditions) :
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∇2E − µ0ε
∂2E
∂t2

= 0 (6.7)

This equation is valid for a non-dispersive medium or for a monochro-

matic field, providedε is a spectral quantity evaluated at the wavelength

of this field.

6.2.2 Eigenmodes of a waveguide

The solution of the wave equation Eq. 6.7 for a 2D waveguide – with the

permittivity depending only on the x and y coordinates and isinvariant

along the z-direction – yields the eigenmodes as :

E(x, y, z) = e(x, y)e−j(βz−ωt) (6.8)

H(x, y, z) = h(x, y)e−j(βz−ωt) (6.9)

β = k0ñeff =
ω

c
ñeff (6.10)

with β the propagation constant andñeff the complex effective refrac-

tive index resulting from solving the wave equation. This value is im-

portant as it directly influences the phase and attenuation of the light

waves propagating through the waveguide. Following the latter equa-

tion, the phase velocity of light as it propagates through the waveguide

is given by :

vp =
ω

ℜ [β]
=

c

ℜ [ñeff ]
(6.11)

This shows, that in a waveguide, the optical waves propagatewith a

phase velocity which is slowed down by a factorℜ [ñeff ] compared to

the speed of light in air or vacuum. On the other hand, the imaginary

value of the effective refractive indexℑ [ñeff ] makes the optical waves

undergo an attenuation associated with an absorption coefficient as :

α0 =
4πℑ[ñeff ]

λ
(6.12)

Here,α0 is the loss associated with a given mode and is is conveniently

called the modal loss. As shown in the previous chapter, thisquan-

tity is experimentally accessible through determining thewaveguide ab-

sorbance. Alternatively, the imaginary part ofñeff can be theoretically
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analyzed by using the complex electromagnetic variationaltheorem6.

This provides an expression for the change in propagation constantβ

resulting from a small change in some parameter, such as the frequency

or the refractive index of the medium :

∆β =

∫ ∫ [

∆(ωε0n
2)E.E∗ +∆(ωµ0)H.H∗] dxdy

2
∫ ∫

ℜ [Et × H∗
t ] .ezdxdy

(6.13)

If the refractive index is changed then one finds in a first order ∆n per-

turbation :

∆β = ω

∫ ∫

[(ε0n∆n)E.E∗] dxdy
∫ ∫

ℜ [Et × H∗
t ] .ezdxdy

(6.14)

Assuming the refractive indexnS of a layerS changes by∆nS. One can

show that the change in propagation constant can be found as follows :

∆β =
ω

c
Γ∆nS (6.15)

Γ =
ng

∫

S

∫

ε |E|2 dxdy
ns

∫ ∫

ε |E|2 dxdy
(6.16)

with Γ an overlap integral and represents the fraction of mode energy

density confined in the layerS. Γ is called the confinement factor.

Therefore the change in propagation vector is proportionalto ∆nS and

also the fraction of modal energy inside the layerS. This waveguide per-

turbation theory can be used to calculate the change inβ in the presence

of a lossy material (or gain). Suppose a non-aborbing layer coating the

waveguide becomes lossy and the imaginary part of the layer refractive

index acquires a non-zero value given by :

ns → ns + i
c αm

2ω
(6.17)

with αm is the material loss of the coating layer. Then we can take the

index perturbation∆nS to be :

∆nS = i
c αm

2ω
(6.18)
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The change in propagation constant becomes according to Eq.6.15 :

∆β = iΓαm (6.19)

Identifying this expression with Eq. 6.10 results in :

α0 = αmΓ (6.20)

In this expression we did not account for the intrinsic losses due to the

waveguide. Similar to the perturbation calculation of the coating layer

S, in general, one needs to account for the intrinsic losses byconsidering

the change in the propagation constant in the waveguiding layer. This

will result in summing up an additional factor to Eq. 6.20, composed

of the product of the material loss of the waveguide and the mode con-

finement factor within the waveguide. However, in the previous chapter

the modal loss due to intrinsic scattering was shown to be negligible in

the waveguide layer compared to the QD-layer induced losses. Conse-

quently,α0 can be merely attributed to the QD-layer coating the waveg-

uides.

6.3 Wavelength conversion

6.3.1 Wavelength conversion on SOI

For the simulation of QD-based wavelength conversion on SOI, we con-

sider the configurations as shown in Figs. 6.2a-c for three cases that will

be studied in this chapter, where we excite a sample with a laser source

around 1550 nm delivering 10µs or 10 ps pulses with a given pump

fluence, i.e. energy per unit area (J
cm2 ). The sample is a silicon strip

waveguide coated with a PbS/CdS monolayer of QDs with an absorp-

tion coefficientα0 of 20 1
cm (Γ = 3.6%) – as determined in Chapter 5 –

at the bandgap wavelength of 1550 nm. The QD-layer covers a lengthL

on the SWGs. The sample is excited with a pump pulse at the bandgap

of the QDs and therefore changes the absorption of the QD-layer. This

induced absorption change is monitored by a continuous wave(CW)

probe beam. For simplicity, we assume the QD-layer to be uniformly
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Figure 6.2: Schematic image of a QD-coated strip waveguide illustrating the

wavelength conversion of the QD-layer from the pump pulse (blue) to the CW

probe beam (green) for three cases discussed in this chapter. All signals are

drawn in transmission.MD indicates the modulation depth or height.tp de-

notes the pulse width. (a) In this case both pump and probe wavelengths are

around the bandgap wavelength of the QDs and the QD-layer is pumped by a

10µs pump pulse, resulting in an increase in transmission. (b) Similar case to

(a) employing absorption bleach, but using a 10 ps pump pulse. (c) Wavelength

conversion employing intraband absorption for a 10 ps pump pulse yields a

probe signal with a dip in transmission.
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excited along the z-direction by an incoming pulse of rectangular shape.

In Fig. 6.2a the induced absorption change is due toabsorption bleach

(AB) at the bandgap of the QDs, rendering the QDs to become transpar-

ent (bleach) and this can be seen by setting the probe wavelength near

the pulse wavelength as illustrated by the green signal. As an example, a

10µs pump pulse at 1550 nm can be converted to the probe with a wave-

length of 1552 nm. Similarly, wavelength conversion can be made using

a 10 ps pump pulse as drawn in Fig. 6.2b. Due to the decrease of the ab-

sorption around the bandgap wavelength in both cases (Fig. 6.2a-b) this

results in an increase in transmission for the probe signal.In Fig. 6.2c

intraband absorption is employed for a 10 ps pump pulse. Hereand un-

like absorption bleach, probe wavelengths are considered that result in

a dip in transmission. This can be understood by supposing absorption

bleaching of the QDs at the bandgap wavelength induced by a pump

pulse. This will create electrons and holes in the HOMO and LUMO of

the QDs and at wavelengths corresponding to energy transitions below

the bandgap of the QDs, where unexcited QDs are naturally transparent,

upon excitation efficient photoinducedintraband absorption(IA) ap-

pears7. Therefore, if the pump pulse has a wavelength at 1550 nm,e.g.

probing at 1650 nm will yield a wavelength conversion together with an

inversion of the pump pulse to the probe beam.

6.3.2 Important parameters

To characterize the induced absorption change we introducethe differ-

ential absorption ratio (DAR) :

DAR(t, λ) =
|∆α(t, λ)|
α(t∗, λ)

(6.21)

The induced absorption change∆α(t, λ) is the difference between the

absorption coefficient at a variable timet after the pulse arrival and at a

fixed momentt∗. This is the point of time that follows or equalst and

where a minimal absorption coefficient is recorded. The differential ab-

sorption ratio is defined as the absolute value of the inducedabsorption

change of the probe beam, at a wavelengthλ, divided by the absorption
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coefficient of the probe at the timet∗. A maximal induced absorption

change will therefore lead to a maxmim value of theDAR, which can

be seen as a figure of merit (FOM ), independent of the QD-interaction

lengthL. The figure of merit is a measure of the wavelength conversion

capability of the QD-layer for a given pump fluence. Based on this def-

inition theFOM can be calculated from Eq. 6.21 for a beam probing

the bleached transitions (AB) at a wavelengthλg near the bandgap or

probing the intraband transitions at a wavelengthλp corresponding to

transitions below the bandgap (IA).

The absorption coefficientα(t) of the excited QD-layer can be estimated

from the average number of excitonsγ(t) present in each quantum dot

at a timet. For the absorption coefficient related to AB it reads :

α = (1− 2γ

g
)α0 (6.22)

For the IA it yields :

α =
2γ

g

α0

ξ
(6.23)

Hereα0 is the absorption coefficient of the unexcited QD-layer (modal

loss) at the bandgap wavelength andg = 8 is the degeneracy of the

PbS/CdS 1S-1S energy level and in the latter expressionξ ≈ 10 and

accounts for the 10 times smaller oscillator strength of theintraband

as compared to the bandgap transition7. In the next sections we will

determineγ based on a occupancy rate equation model forµs and ps

pulses. Although theµs wavelength conversion is very slow and for

practical use is undesirable, it will allow to introduce theconcepts to

describe the exciton occupancy of the QDs via the rate equations and as

we will show yields an analytical expression forγ. This will provide us

with a first estimate of the needed interactions lengths for wavelength

conversion of QD-coated SWGs.
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Figure 6.3: (a) The time dependence ofc1, which equals the average number

of excitonsγ for a 10µs rectangular shaped pulse arriving att0 =0 s. (b) The

differential absorption ratio (DAR) as defined for different pumpfluences of

the incoming pulse. (c) TheDAR depedendency on the pumpfluence (PF ) at

a time of 10µs (FOM ) after the pulse arrival shown as the blue curve with the

magnitude values in the left axis. (right axis)γ at 10µs as a function of the PF

shown as the grey curve.
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6.4 Microsecond wavelength conversion

6.4.1 Occupancy rate equations

To determineγ we at first definec0 andc1 as the fraction of total QDs

which are unexcited and contain a single exciton, respectively. Impor-

tant here is that we will assume the Auger recombination rateto be much

higher as compared to the absorption rate of photons by a given QD.

Practically, this condition is fulfilled because the achievable photon flux

levels will be low in a pulse with a width of 10µs. Consequently, if

any biexcitons are created the Auger rate will be so high and result in

a negligible fraction of biexcitons within the pulse. Therefore, the rate

equations describing the occupancy can be limited to the unexcited state

i = 0 (c0) and the single excited statei = 1 (c1) – in whichc1 equalsγ

as the single excited state is the only contributor to the exciton popula-

tion – of the QDs:

dc1
dt

= k0,abs(t)c0 − k1,em(t)c1 −
c1
τ1

c0 + c1 = 1 (6.24)

k0,abs(t) is the rate of absorption of an unexcited QD and for a rectan-

gluar shaped pulse arriving at timet0 it yields :

k0,abs(t) = k0,abs t0 < t ≤ tp

= 0 t > tp (6.25)

with k0,abs = σJp, with σ the QD absorption crossection andJp the

photon flux density, i.e. the amount of photons per unit time and area

within the the pulse.σ can be calculated as :

σ =
αm δ

Ns
(6.26)

=
α0 δ

ΓNs
(6.27)

with α0 = 20 1
cm andΓ = 0.036 as outlined in section 6.2,Ns =1.2 1012 cm−2

is the surface density of the QDs in the layer andδ = 10.6 nm is the
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QD-layer thickness. All these parameters were determined in the previ-

ous chapter. The calculation based on Eq. 6.27 results in aσ value of

4.9 10−16 cm2. Jp is related to the pump fluencePF - energy per pulse

per unit area - for the rectangular shaped pulse as :

Jp =
PF

Efot τp
(6.28)

HereEfot is the energy of the photons at the respective wavelength of

excitation andτp = tp − t0 is the temporal pulse width.k1,em(t) is the

stimulated emission rate from the first excited statec1 to the unexcited

statec0 and is given by1
64 k0,abs(t). The probability prefactor164 can be

understood as follows. The value in the denominator accounts for the 64

possible transitions between the 8-fold degenerate HOMO and LUMO

energy levels. While the value of 1 in the numerator of the prefactor is

explained as a single excited QD can only emit to one available energy

level in the HOMO. The last term in Eq. 6.24 considers the spontaneous

radiative recombination of the excited QD with a single exciton and a

lifetime τ1 of 1µs as determined by Moreels et al.8.

Equation 6.24 can be solved analytically and yields for a pulse coming

into the waveguide at a timet0 and exciting the QD-layer strip with

initial fraction c1(t0):

c1(t) = (c1(t0) +
k0,abs

k0,abs + k1,em + 1
τ1

)(e
−(k0,abs+k1,em(t)+ 1

τ1
)(t−t0))− ...

k0,abs

k0,abs + k1,em + 1
τ1

t0 < t ≤ tp

= c1(tp)e
−(

(t−t0)
τ1

)
t > tp (6.29)

For an incoming pulse on a unexcited QD-layer (c1(t0) = 0) above

expression is simplified to:

c1(t) =
k0,abs

k0,abs + k1,em + 1
τ1

(e
−(k0,abs+k1,em(t)+ 1

τ1
)(t−t0)) t0 < t ≤ tp

= c1(tp)e
−(

(t−t0)
τ1

)
t > tp (6.30)

220



Chapter 6. Q-wavelength conversion 221

6.4.2 Figure of merit

Since the bi- and multiexciton contribution to the QD occupancy is neg-

ligible, the average number of excitons at each timet equalsc1(t).

By combining Eq. 6.21 and Eq. 6.22 we explicitly determineDAR.

Fig. 6.3a shows the time dependence ofγ for differentPF values. Ini-

tially at t0 = 0 all the QDs are unoccupied followed by an uprise ofγ to

a value which is maintained during the left over time of the pulse. Dur-

ing this time a minimal absorption valueα(t∗) is recorded. After the end

time tp of 10µs, c1 decreases with a recombination constant of≈ 1µs

and all the excited QDs head back to the unexcited state. Consequently,

the absorption coefficient after the exciton relaxation (background ab-

sorption) equalsα0 and corresponds to the maximal absorption value.

Fig. 6.3b shows theDAR – calculated based on Eq. 6.21– for the dif-

ferentPF values and in Fig. 6.3c we plot theFOM and γ(tp) as a

function of thePF values. At lowerPF values, theFOM increases

by augmenting thePF while at pump fluence values of 10-20mJ
cm2 the

FOM tends to level off to a value of 0.27, which is not strongly altered

by increasing thePF as the QDs become more occupied by a single

exciton (γ ≈ 0.9). We note that indeed the 0.27 value is close to the1
3

upperlimit for the FOM of single occupied QDs. The upperlimit is de-

termined by consdering the maximal induced absorption change (14 α0)

and the minimal absorption coefficient (3
4 α0). Hence, the ratio of both

yields the1
3 upperlimit value for theFOM .

6.4.3 Modulation Depth

TheFOM is an intrinsic measure of the conversion capability and is

suitable to describe the QD-layer conversion capablity, but for practical

design of devices a more extrinsic measure is the modulationdepth (or

height), also named modulation, which is by definition :

MD [dB] = 10 log10
T ∗

T
(6.31)

Here,T andT ∗ are respectively the transmission of the probe beam of

the wavelength convertor in the on state (digital 1) with respect to the off
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state (background or the digital 0). The modulation depth isexpressed

in decibel (dB)2 and as an example aMD value of 10 means that the

outcoming signal after transmission in the on state is 10 times higher as

compared to the signal in the off state. The modulation is related to the

FOM as :

MD [dB] = 10 × FOM × α(t∗) × L (6.32)

Note thatMD is proportional toFOM and given thatα(t∗) = α0

the second term equals 1 in the above equation and the modulation is di-

rectly linked to the QD-layer parametersα0 – expressed in1 1
cm – andL.

Assuming a target modulation of 3dB, which is 50% change in transmis-

sion between the on and off state, and given thatα0 = 20 1
cm (9 dB/mm)

we find for aFOM ≈ 0.25 (PF = 5 mJ
cm2 ), a QD-interaction lengthL

of 0.6 mm – with a corresponding 5 dB transmission loss – is needed to

achieve the target modulation. This value ofL is practically feasible on

a SWG and is a motivation for investigating much faster, but with more

complex exciton dynamics, picosecond wavelength conversion.

6.5 Picosecond wavelength conversion

6.5.1 Occupancy rate equations

In section 6.4 we described wavelength conversion at the microsecond

timescale, and we definedc0 andc1 as the fraction of QDs with respec-

tively none and a single exciton. The analysis was limited tothis levels

as thePF in practice is not sufficient to trigger the creation of bi- and

2sometimes it is expressed per unit length in dB/cm

τ1
8 1µs τ5 8 ps

τ2
7 82 ps τ6 6 ps

τ3
7 32 ps τ7 4 ps

τ4
7 13 ps τ8 3 ps

Table 6.1: The used time constants for implementing in the occupancy rate

equations.
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multiexcitons and overcome the Auger rate. In what follows,we will

analyze picosecond scale wavelength conversion (Fig. 6.2b-c), where a

high PF is enforceable and therefore Auger recombination will be in-

cluded in our analysis. We defineci as the fraction of QDs that containi

excitons and based on the 8-fold degeneracy of the HOMO and LUMO

levels in PbS/CdS QDs this yields for the change ofci within and after

a pulse :

dc0
dt

= −k0,abs(t)c0 + k1,em(t)c1 +
c1
τ1

dc1
dt

= k0,abs(t)c0 − k1,abs(t)c1 − k1,em(t)c1 + k2,em(t)c2 −
c1
τ1

+
c2
τ2

dc2
dt

= k1,abs(t)c1 − k2,abs(t)c2 − k2,em(t)c2 + k3,em(t)c3 −
c2
τ2

+
c3
τ3

...

dc7
dt

= k6,abs(t)c6 − k7,abs(t)c7 − k7,em(t)c7 + k8,em(t)c8 −
c7
τ7

+
c8
τ8

dc8
dt

= k7,abs(t)c7 − k8,em(t)c8 −
c8
τ8

(6.33)

With ki,abs(t) the rate of absorption of a statei, which is given by
(i−8)2

82 k0,abs(t). The absorption rate of the unexcited QDsk0,abs(t) is

presented in Eq. 6.25 andki,em(t) is the stimulated emission rate from a

statei to a state (i-1) and is given byi
2

82 k0,abs(t). τi (i > 1) are the Auger

multiexciton recombination times from a statei to a state (i-1) andτ1 is

the radiative 1µs single exciton recombination time. Theτi values are

summarized in Table 6.1. The valuesτ2, τ3 andτ4 are taken from a tran-

sient absorption report on PbSe QDs7, while τ5-τ8 are obtained from ex-

tending the reported values assuming quadratic Auger scaling9;10. The

coupled rate equations 6.33 are solved numerically using anin-house

build solver by assuming 10 ps rectangular shaped pulses with a given

PF ( J
cm2 ). This results in calculatedci values together with the average

number of excitonsγ(t) at each timet within or after a pulse:

γ(t) =
∑

ici(t) (6.34)

From the solution ofci in time we identify three dynamic regimes: The
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Figure 6.4: (a) The fraction of QDs withi excitons (ci) as a function of time

plotted on a timescale from 0 to 20 ps illustrating the build up of ci assuming

a 10 ps pulse with a pumpfluencePF =2 mJ
cm2 and an initially unexcited QD-

layer. (b)ci plotted in a timescale from 20 till 600 ps illustrating the creation

and Auger recombination of the multiexcitons. (c)ci plotted in a timescale

from 600 ps till 4000 ns showing the radiative single excitonrecombination.

(d-e-f) The average number of excitons within a QD (γ(t)) calculated using

Eq. 6.34 at the different timescales, respectively for the conditions outlined in

(a).

224



Chapter 6. Q-wavelength conversion 225

exciton build up within the pulse, the Auger and the single exciton re-

combination regime as shown in Figure 6.4. The first regime isillus-

trated in Fig. 6.4a withci plotted from the arrival timet0 = 0 ps of the

pulse tillt = 20 ps, showing the build up ofci within the 10 ps pulse for a

PF of 2 mJ
cm2 and an initially unexcited QD-layer by settingc0(t0) = 1.

At this PF after the pulse up to 5 multiexcitons per QDs are created.

The fractionsc4 (light green) andc5 (dark green) start to relax as time

proceeds increasing the tri- and biexciton fractionsc3 and c2. In the

second regime shown in Fig. 6.4b,c2 andc3 reach their maximum fol-

lowed by a a fast decrease at a timescale of≈ 100 ps due to the Auger

recombination leaving the QDs with only single excitons. Finally, in the

third regime whereci is plotted in Fig. 6.4c at a timescale from 600 ps till

4000 ns,c1 decreases simultaneously with an increase ofc0 due to radia-

tive single exciton recombination. It is clear that in the second regime,

the dynamics are fast enough and the best to be exploited. Addition-

ally, in this regime, the QDs are left with single excitons after a certain

time, which we will set to be 600 ps and conveniently call the loss at

this time the background absorption coefficient. Figures 6.4d-e-f show

the resulting average number of excitons within a QD (γ(t)) calculated

using Eq. 6.34 at the different timescales as outlined above. Fig. 6.4d

shows that up to 3.1 excitons per QD are created after the pulse.

6.5.2 Figure of merit

Given the average number of excitons at each timet, the differential

absorption ratio (DAR) as given in Eq. 6.21 is calculated. From the dis-

cussion in the previous section, we showed that after a pulseexcites the

QD-layer, a single exiton resides after≈ 600 ps. Generally the amount

of excitons, that remains as a background, depends on thePF of the

pulse; It is clear that if a pulse train (bit sequence) arrives each bit will

excite the QD-layer, which contains an initial amount of excitons equal

to the background of the previous bit. Therefore, we will assume an

initially excited QD-layer containing a single exciton (γ(t0) = 1) for

the calculation of the figure of merits for the absorption bleach and in-
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Figure 6.5: (a) The average number of excitons within a QD (γ) as a function

of time assuming an initially excited QD-layer with one exciton on average ad-

ditionally excited by a 10 ps pulse with differentPF values as denoted in the

graph. (b) The differential absorption ratio (DAR) for the absorption bleach

based wavelength convertor as a function of time. (c)DAR for the intraband

based wavlength convertor as a function of time. (d) (left axis) ThePF de-

pendence of theDARs for respectively the absorption bleach (blue color) and

intraband absorption convertor (red color) evaluated at the peak values (Figure

Of Merit) of Fig.(b) and Fig.(c). (right axis) The maximum number of created

γ evaluated at the peak value of Fig.(a)
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traband absorption based convertor. The specific choice ofγ(t0) equals

1 is not random, but allows for stable operation of the wavelength con-

vertor and will be more clarified in section 6.5.5. Figure 6.5a shows

γ as a function of time for differentPF values, while Fig. 6.5b illus-

tratesDAR for the absorption bleach converter. At aPF value of 8mJ
cm2

andt =10 psDAR reaches its maximum value - which corresponds to

theFOM - of 25. This is one order of magnitude larger as compared

to theµs conversion discussed previously, indicating a more efficient

wavelength convertor. The origin of this efficiency is the high induced

absorption change∆α together with fully exploiting of all the possi-

ble exciton transitions (minimalα(t∗)). Fig. 6.5c showsDAR for the

intraband transition converter, Similar to the absorptionbleach conver-

tor, at the samePF and time valuesDAR reaches very high values,

up to 3 indicating optimal operation at this time. With this respect and

given the different nature of the transitions associated with IA and AB,

a quantitative comparison betweenFOM of both is only relevant if one

compares the resulting modulation depths (or heights), which we will

discuss in the next section. Moreover, from both graphs Fig.6.5b-c we

observe that for times in the range 50-200 psDAR strongly decreases

and almost vanishes. Consequently, bit sequences can be wavelength

converted with a speed from≈5 to 20 GHz. In the left axis of Fig. 6.5d

we showPF dependence of theFOMs for respectively the bleach (blue

color) and intraband transition based convertor (red color). For com-

pleteness of the needed parameters we plot on the right axis of Fig. 6.5d

the the maximum number of created excitonsγ(tp) (grey color) deter-

mined by evalutating the peak values in Fig. 6.5a.

In the above discussion, the speed is intrinsically limitedfor the wave-

length convertor by the Auger recombination time of the QDs.More-

over, as this is the underlying mechanism for the IA and AB based wave-

length convertors, the operation speed for both – IA and AB – conver-

tors is the same. Additionally, changing the 10 ps pulse width to shorter

durations will not result in a higher speed, because the Auger recombi-

nation time is much longer compared with the pulse duration.
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6.5.3 Modulation Depth

Based on theFOMs for the IA and AB wavelength convertor we esti-

mate the modulation depth as defined in section 6.4.3 as :

MDAB [dB] = +10× FOMAB × |α(t∗)| × L (6.35)

MDIA[dB] = −10× FOMIA × |α(t∗)| × L (6.36)

The modulation is proportional to theFOM , but we note that the sign of

the modulation is negative for intraband absorption (decrease of trans-

mission) and positive for absorption bleach (increase of transmission).

The second term in the multiplications can be estimated fromEq. 6.22-

6.23 onceγ is known at the timet∗, which equalstp for the AB - and

600 ps for IA convertor. The resulting modulation depths aresumma-

rized in Table 6.2 for a QD-layer withα0 =20 1
cm , PF = 1.7 mJ

cm2 and

γ(tp) = 3.11 .

FOM α(t∗)
α0

MD (dB/cm)

AB 2.3565 0.2235 10.53

IA 2.1062 0.025 -1.053

Table 6.2: The used figure of meritFOM and α(t∗)
α0

values for intraband ab-

sorption (IA) and absorption bleach (AB) employed in the QD-layer needed to

calculate the modulation depth of the wavelength convertoras given in Eq. 6.36

for a QD-layer exicted with aPF =1.7mJ
cm2 .

Assuming a target modulation of 3dB and given theMD for AB con-

vertor, an interaction lengthL of 2 mm is needed to achieve the target

modulation. While a length of≈2 cm is needed for the IA convertor

to achieve the same modulation of 3dB. The longer interaction length

needed for the IA convertor is due to the 10 times smaller oscillator

strengh of the IA with respect to the AB transition. Therefore it is very

favorable to employ AB around the bandgap of the QDs,e.g. for wave-

length conversion from 1550 to 1551 nm, or more general for wave-

length conversion within the C and L-telecom bands (1530-1565 nm

and 1565-1625 nm, respectively). Changing the bandgap of the QDs

to smaller energies (1310 nm) permits conversion of signalsfrom lower
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telecom bands such as conversion from the O-band (1274-1346nm) to

the C- or L-band by employing IA in the QD-layer. Note that dueto

the negative sign of the modulation, the QD-layer will not only act as

wavelength convertor, but can serve as a NOT port for an incoming bit

sequence.

6.5.4 Distribution of QD-excitons after a pulse

An important step in the analysis before, was the determination of the

number of excitons created per pulseγ(tp) given the photon flux den-

sity Jp (Eq. 6.28) and the absorption crossectionσ. This was done by

solving the occupancy rate equations explicitly at the times within the

pulse. This approach contrasts with the one used in transient absorption

spectroscopy of colloidal nanocrystal solutions, where the probability

that a QD hasi excitons is described by a Poissonian distribution9;11;12:

P (i,Neh) =
N i

ehe
−Neh

i!
(6.37)

withNeh = Jp σ τp, the Poissonian average number of excitons. Fig. 6.6a

shows the occupancy distributionci (i = 1...8) calculated numerically

assuming a QD-layer with an occupancy of one exciton per QD fol-

lowed by a the pulse excitation for differentPF values. From the blue

curve, on average 3 excitons – calculated based on Eq. 6.34 – are cre-

ated per QD at aPF value of 2mJ
cm2 . Remarkably, assuming a Poisson

distribution with the samePF value yieldsNeh = 6.6, meaning that

one needs on average twice more equivalent Poisson excitationsNeh

to initiate the same amount of average number excitons aftera pulse.

Furthermore, the difference is not only inγ(tp), but in the distribution

shapes as well. Assuming a Poisson and an occupancy rate equation

based distribution – conveniently called occupancy distribution – with

the same average amount of excitons, which we will set to be 3,yields

a Poissonian distribution (red line) that extends broader over i and is

lower in amplitude as compared to the occupancy distribution. These

discrepancies are due to the different nature of accessed transitions in

our case – at excitation energies around the nanocrystals bandgap – and
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Figure 6.6: (a) The distribution of the number of excitonsi created after pulse

for differentPF levels. The QD distributions are different from a Poissonian

(red line) as illustrated at aPF of 2 mJ
cm2 , which corresponds on average to 3

excitons per QD calculated using Eq. 6.34. (b) The average number of created

excitons after a 10 ps pulse (γ(tp)) as a function of the number of equivalent

Poisson excitationsNeh for a QD-layer containing respectively 0,1,2 and 3

excitons per QD before the pulse (γinit). As the distribution is not Poisso-

nianNeh is not equal toγ(tp), but we can relate both by fitting all the data

based on expression 6.38 using a global analysis procedure (continuous blue

lines). (c) The average number of created excitons after 600ps of the pulse

arrival - γ(600 ps) - as a function ofNeh for a QD-layer containing respec-

tively 0,0.5,1,2 and 3 excitons per QD before the pulse. Similar to Fig.(b),

the data can be related toNeh by fitting all the data based on expression 6.39

(continuous blue lines).
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in transient absorption spectroscoy, where the excitations energies are

larger than the bandgap. Due the high absorption crossection and the

high density of states at these short excitation wavelengths11, the cre-

ation of single, bi- and multiexcitons is equiprobable at the beginning

and at the end of the pulse allowing the use of a Poisson distribution.

While in our case,e.g. the creation of tri- and multiexcitons at the end

of the 10 ps pulse depends on the creation of single and biexcitons at the

beginning of the pulse as shown in Fig. 6.4a.

SinceNeh, which we will denote as the equivalent Poisson excitation,

is an inclusive quantity containing all the energy and absorption param-

eters (PF , Jp, σ, τp), describing the QD-layer with this quantity would

allow for using the simulatedFOMs and the resultingMD values for

a general QD-layer excited at the bandgap wavelength for different pa-

rameter values. Consequently, it is desired to relateNeh andγ(tp) as

shown in Fig. 6.6b for a QD-layer with initially different occupancies

before the pulse arrival (γinit= 0, 1.5, 2, 3). These curves ofγ(tp) al-

low for a direct calculation of theFOM andMD. Interestingly, the

numeric values can be described analytically with following proposed

expression :

γ(tp) =
2

g
+ (γinit −

2

g
)e−Btp Neh (6.38)

Taking the degeneracyg andBtp as free parameters we fit the numeric

data points to Eq.6.38 by using a global fit analysis, where all the data

points are fit by one expression given the differentγinit values. From

the fits we obtaing equals 7.8 or2g =3.9 andB = 0.229. The fitting

constants are valid forγinit values from 0 up to 2.

In line with the above description ofγ(tp), the average number of ex-

citons at 600 ps -γ(600 ps) - can be related toNeh as illustrated in

Fig. 6.6c for a QD-layer withγinit = 0,0.5,1,2 and 3 excitons per QD

before the pulse. Using a gobal fit analysis, the numeric values are de-
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scribed as :

γ(600 ps) = A− (γinit −A) e−B600 ps Neh γinit < 1 (6.39)

= 1 γinit ≥ 1

A and B600 ps are the free parameters and the fit yieldsA = 1 and

B = 0.981.

6.5.5 Condition of stable operation

An important requirement for the wavelength convertor is a stable op-

eration for an incoming bit sequence. There are two types of stability :

the first type is stability of the background absorption, i.e. the absorp-

tion left over after 600 ps of the pulse arrival and the secondtype is the

stability of the modulation depth (height). Both can be influenced by a

change ofNeh or γinit denoted as∆Neh and∆ γinit, repsectively. For

the former type, the background absorption is proportionial to γ(600 ps)

and from Fig. 6.6c we note that ifγinit is larger than one, the resulting

γ(600 ps) is one regardless of the value ofNeh. This can be exploited

by sending a set-pulse to the unexcited QD-layer yielding a stable back-

ground before the bit sequence arrives. The amount ofNeh needed to

trigger the stable background is deduced from assuming a creation of

γ(tp) value larger than one and is determined from equation 6.38:

Neh > 1.29 (6.40)

Accordingly, more than 1.29 equivalent Poisson excitations are needed

to achieve a stable background for an arbritray bit sequencearriving at a

speed of≈ 5 to 20 GHz. The second type of stability is the modulation,

which scales with the product of theFOM and α(t∗)
α0

and is therefore

directly proportional toγ(tp). Usually a bit will be designated a time

span and can arrive at a time before 600 ps yielding a largerγinit for the

following bit. Consequently, it is important to know how themodulation

varies ifγinit changes and from Eq. 6.38 this can be obtained :

∆ γ(tp) = e−BtpNeh ∆γinit (6.41)
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Here∆γ(tp) will yield the modulation change and remarkably the fac-

tor before the variation∆γinit is smaller than one,e.g. if γinit increases

by 20%,∆γ(tp) and therefore the modulation will be maximally altered

by 20%. Since the exponential factor strongly decreases with increasing

Neh, the change inMD will be much less by increasing the amount of

equivalent Poisson excitations. Another influence on the stability of the

modulation occurs ifNeh changes as a consequence of a direct drop off

or increase in signal energy (PF ). With this respect, a similar analysis

yields the same conclusions for the depedendency of the change in mod-

ulation with respect to∆Neh. The variation of theMD is maximally

limited by∆Neh and strongly decreases by increasingNeh.

6.5.6 Influence of the waveguide on the convertor

To concentrate on the proof-of-concept we simulated the QD-layer with-

out regarding the influence of the waveguide, which will be beyond the

scope of this thesis. Nevertheless we will highlight some ofthe possible

problems and also discuss influence of the spectral bandwithof the QDs

and the power consumption on the figure of merit.

Non uniform excitation profile

In our simulation a uniform excitation profile was assumed yielding a

uniform FOM along the z-direction as shown in Fig. 6.2. But, as evi-

denced in section 6.2 and via Eq. 6.20 any mode will be subjectto a loss

when propagating through the waveguide which will no reducethePF

along the z-direction and correspondingly decreaseNeh and theFOM .

The drop off in theFOM results in a lower modulation (Eq. 6.36) and

a smallerPF value will cause the set-pulse to obtain aNeh value that

is not sufficiently large to trigger a stable background for the convertor.

Hence, for a given waveguide geometry and a QD-layer thickness, the

operation of the wavelength convertor will be theoretically limited to an

effective interaction lengthLeff . If the physical interaction lengthL is

larger thanLeff , the operation of the convertor will become practically

inefficient. Otherwise, ifL is much smaller thanLeff , there will be no
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reduction in the wavelength convertor’s modulation. In this case one

can increase the modulation for a givenL, by either increasingαm or

the confinement factorΓ. An increase of the QD-layer thickness from a

mono to a multilayer will augment bothαm – as demonstrated in previ-

ous chapter – andΓ. Furthermore, optimizing the waveguide by solving

the wave equation Eq. 6.7 for different geometries and layerthicknesses,

will result in propagating modes possessing high evanescent fields in-

teracting with the QD-layer and therefore increaseΓ. Therefore, the

modulation will be larger for a givenL.

TPA induced free carrier absorption

A second issue that might rises up is free carrier absorption(FCA). If a

pulsed beam excites a QD coated silicon on insulator (SOI) strip waveg-

uide, part of the incoming energy will be absorbed by the QD-layer,

while the other part could be absorbed by the silicon layer. If light is

aborbed by the silicon layer it will generate electrons and holes in the

silicon. These additional charges are unbound (free carriers) and can

absorb part of the propagating waveguide mode yielding freecarrier

absorption13. The linear absorption of silicon is only present at wave-

lengths larger than the bandgap of silicon, and its contribution is not

relevant for our wavelength convertors operating in the telecom range

(1274-1625 nm). Nevertheless , as we work with highPF , two pho-

ton absorption (TPA) induced free carriers in silicon are not excluded.

TPA occurs when silicon absorbs two subsequent photons witha total

energy equal or larger than the bandgap energy of silicon. Avoiding

TPA induced FCA might require a reducedPF andNeh and lead to a

reduction of theFOM and therefore hampers an efficient modulation

of the QD wavelength convertor. But, the solutions as outlined above

for the non uniform excitation in the waveguide apply here aswell and

will improve the modulation of the convertor. Alternatively, rather than

using an SOI waveguide a silicon nitride platform could be used with a

major advantage that it is transparent from UV till midIR range and it

is an insulator as compared to semiconductor silicon and therefore FCA

will be excluded. A drawback will be the low refractive indexcontrast
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between the silicon nitride (n = 2) and air (n = 1) resulting in a lower

effective refractive index andΓ. For all described solutions, simulation

of the waveguide geometry in both - SOI and silicon nitride - platforms

will be needed to obtain large values forΓ and consequently obtain an

optimal lead salt QD-based wavelength convertor in the telecom range.

Power consumption

The figure of merit that are used in this work this do not intrinsically

account for the spectral bandwidth of the QDs or the power consump-

tion Econs, i.e., total amount of energy needed per pulse. If one would

increase the bandwith of the QDs this will result in a decrease of the

absorption coeffientα0 and therefore a decrease of the absorption rate

k0. Consequently, there will be less photon absorption eventsper pulse

and this will lead eventually to a decrease of the figure merit. The power

consumption will be a superposition of the loss due to the background –

which is needed for the stability of the convertor, and the loss of power

per pulse. In Fig. 6.5d we show the result of the figure of meritas a

function of the pump fluence. Based on the pump fluence values in this

graph one can determine the power consumption (see example below).

Furthermore, one can repeat the calculation of the figure of merit, but

then as a function of the spectral bandwith to obtain a complete idea

of how these two parameters (power and bandwidth) would modify the

figure of merit. The power consumption can be calculated oncethe ef-

fective areaAeff of the mode within the waveguide is known :

Econs = PF Aeff (6.42)

As an example for a strip waveguide with typical dimensions 450 nm×
220 nm, we can estimate the effective area of the mode from thewaveg-

uide geometry and find a value forAeff as 10−8 cm2. For aFOM

value of 1 aPF of 10−3 mJ
cm2 is needed to maintain wavelength con-

version (similar amount ofPF is needed for the background stability),

which corresponds to a power consumptionEcons of 10 pJ per pulse.
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6.6 Conclusion

We have demonstrated through simulations the use of lead salt QDs ex-

cited around their bandgap as a wavelength convertor in silicon on in-

sulator waveguides. We have introduced important conceptsto simulate

the figure of merits for slow microsecond and fast picosecondwave-

length conversion. Figure of merit values larger than 25 and3 are

achieved for the absorption bleach and intraband absorption based con-

vertor, respectively. Operation speeds are feasible of≈ 5 to 20 GHz for

the different telecom bands : O-band (1274-1346 nm), C-band(1530-

1565 nm) and L-band (1565-1625 nm). By appropriately tuningthe

bandgap of the QDs, the wavelength conversion can be perfomed either

within different telecom bands or from a short - to a longer wavelength

band. Although, the occupancy distribution is different from a Poisson

distribution, by introducing an equivalent Poisson excitation quantity an

easy determination of the average number of excitons is allowed. This

provided us with simple expressions for controlling the background -

and modulation stability of the PbS/CdS QD wavelength convertor. Fi-

nally, we have highlighted the prospects for further optimizing the wave-

length convertor.
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7
Colloidal QDs for plasmon

applications

7.1 Introduction

7.1.1 Rationale

In this chapter will discuss the use of metallic structures,in particular

arrays of metallic rods with subwavelength dimensions (nanorods). An

interesting property of these nanorods – also called nanoanttenas – in

array as shown in Fig. 7.1 is that they exhibit strong resonances –i.e.

more energy is removed from an incident optical beam at resonance

than off resonance – which are called plasmonic modes. A detailed

explanation on the type, nature of this modes and the used terminology

in this paragraph will be provided in sec. 7.1.2.

In 2001, a class of plasmonic modes which manifest as resonances that

can be excited or observed in the near-field (NF) but not in thefar-field

(FF), so-called dark modes, were theoretically predicted1. These dark
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resonances have attracted much interest in recent years, asthey hold

supreme qualities for the realization of SPASERS2;3, subwavelength

guiding of optical radiation with suppressed radiative losses4, plasmonic

analogs of electromagnetically induced transparency5–7, and cloaked

sensors8. In particular, theoretical work by Alu and Engheta suggests

that it is possible to strongly suppress the FF radiation from a nanorod

while preserving an enhanced NF sensitivity8;9 – an optical counter-

part to radio frequency minimum scattering antennas. As pointed out

by Garcia de Abajo10, by having an enhanced interaction with its local

environment but a minimum interaction with distant sourcesand detec-

tors, such a minimum scattering antenna is effectively seeing (locally)

without being seen (a distance away from the antenna).

The motivation for this work is to demonstrate experimentally the sug-

gested existence of the NF together with a suppression of theFF. With

this respect, we will show that a periodic array of plasmonicnanorods

can be designed to display a local minimum in its FF extinction but a

maximum in the average NF enhancement in the plane of the array. The

simulated structures are fabricated by means of electron beam lithogra-

phy. But to observe the existence and enhancement of the NF inthese

fabricated structures, materials – coating the nanorod arrays as an over-

lay – are needed that are capable of locally interacting withthe NF. In

this context, colloidal quantum dots are very suitable candidates. Due

their small sizes (2-5 nm) compared to the wavelength (≈ 900 nm) and

the array dimensions (≈ 40 - 300 nm) they are capable of sensing the en-

hanced local fields. Furthermore, their excitation and emission frequen-

cies can be tuned – as shown in the first chapter of this dissertation – to

fit within the excitation and emission bands of the nanorod arrays. Be-

fore we will move to the experimental section, we will at firstintroduce

the plasmon concepts that are needed to understand the results.

The results in this work were obtained in the FOM-institute AMOLF-

TU/e and Philips Research Laboratories thanks to a collaboration with

S. Rodriguez.
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7.1.2 Plasmonic phenomena

When an electromagnetic wave with a wavevectork and an angular fre-

quencyω propagates through a bulk metal, the component of an applied

optical feld,e.g., in the y direction varies asEye
[i(ky−iωt)]. The sign

of this electric field and therefore the sign of the corresponding force

(-eEy) on an electron alternates between positive and negative with a

speed equal to the frequency of the wave. In the metal lattice, this force

enables the displacement of the free electrons with respectto the ionic

cores, resulting in a force pulling the electrons back to their original

position. This electron cloud oscillates back and forth with the same

excitation frequency as the applied field. The oscillation of the electron

cloud is in antiphase with the applied field, such that only ina thin layer

of the metal, near thesurface(the skin depth) a reflected electromag-

netic field is generated. The oscillation is at it’s strongest in resonance,

corresponding to the plasmon frequency. Such oscillating surface waves

are called surface plasmon polaritons or surface plasmon resonances

(SPRs). Surface plasmon resonances are surface waves – obtained as

solutions of the macroscopic Maxwell equations (see Chapter 6, sec-

tion 2) – that propagate along a metal-dielectric interfaceand decay in

both media11–13.

Over the years interest has shifted from bulk metals to metalnanopar-

ticles and nanostructures as their local field reaches high values com-

pared to the incident optical field. The plasmon waves in the nanostruc-

tures are called local surface plasmon resonances (LSPRs) as the surface

waves are limited ’locally’ to the nanostructure. The metalnanoparti-

cles or structures exhibit sizes which are much smaller as compared to

the wavelength of excitation (d<< λ), and their plasmon frequency is

tunable by the permittivity of the surrounding environment. The com-

bination of high electric field and high sensitivity for the surrounding

medium opens up the possibility for use in biosensing (to detect small

concentrations of molecules), solar cells, spectroscopy and signal en-

hancement for imaging.
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Moreover, if the size of the nanostructures becomes comparable to the

wavelength of excitation (d≈ λ), then apart from the surrounding mate-

rial one needs to account for the geometry of the nanostructure. Typical

examples are nanoantennas or nanorods. Here, due to the geometry of

the structure, electromagnetically induced transparency(EIT)4;5;14 can

appear in a single nanoantenna. In EIT, destructive interference between

two localized modes (two solutions of the Maxwell equations), induces

a narrow frequency transparency window within a broad resonance. One

of the two modes, hereafter called bright, couples stronglyto radiation

and has a broad linewidth. The other mode, hereafter called dark, cou-

ples weakly to radiation and has a narrow linewidth. Dark modes have

attracted interest for the realization of spasers2;15, subwavelength guid-

ing of optical radiation4, enhanced spontaneous emission16, and sens-

ing17;18.

In addition, by using regular multiple arrays of nanostructures (Fig. 7.1)

the local field can be further enhanced by not only involving the ge-

ometry and the medium permittivity, but also the distance between the

regular nanoantennas. Remarkably , the surface plasmon waves are not

limited locally to the nanostructure, but can be extended throughout a

large lattice, generating so called surface lattice resonances (SLRs)19.

SLRs are complex combinations of localized surface plasmonresonance

(LSPRs) on the single nanorods and diffractive orders present due to the

periodicity of the structure. The SLRs arise from the enhanced radiative

coupling of LSPRs, and occur close to the Rayleigh anomalies(RAs).

These are associated with light incident at grazing angles –where new

diffracted order appears – and diffracted parallel in the plane of array.

Therefore, besides the surface plasmon waves – SLRs and (L)SPRs –

RAs are an additional optical phenomenon that needs to be considered

in these arrays.

Furthermore, in the field of metallic nano-optics the above optical an-

tennas are frequently designed to manipulate the spectrum of radiation

in the near field (NF), but characterized at the far field (FF)20. At res-

onance, one expects an enhancement of the optical system repsonse,
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typically associated with an increased light extinction. But in the pres-

ence of surface waves, the resonant condition needs to be reconsidered.

The radiation spectrum may be different in the near field (NF)compared

to the far field (FF)21–24. Consequently, a frequency of maximum NF

enhancement may not coincide with an extinction maximum.

In this chapter, we will evidence through finite-differencein time-domain

(FDTD) simulations and experiments that a periodic (diffractive) array

of plasmonic nanorods supports a maximum NF enhancement anda

FF-induced transparency at the same frequency and angle of incidence.

Thus, at the same energy and in-plane momentum. This effect can be

seen as the counterpart of the electromagnetically inducedtransparency,

but for a collection of regular arrays. In this work the bright and the dark

modes are both collective resonances (their quality factors increase with

the number of particles in the array15) rather than localized. Finally, we

will point out how a NF resonance can be reached with a FF-induced

transparency through a proper choice of the length of the nanorods. Fur-

thermore, the simulated results are evidenced by measuringan enhanced

emission of quantum dots in the vicinity of the array at an energy and

in-plane momentum for which the FF extinction is minimized.

7.2 Experimental near field enhancement in gold

nanoanttena arrays

7.2.1 Fabrication of the nanoantennas

The fabrication of the gold nanoantennas is done by means of electron

beam lithography and a 2×2 mm2 periodic array of gold nanoanten-

nas onto a silica substrate is obtained. The antennas have dimensions

of 270×80×40 nm3, and the lattice constants areax = 600 nm and

ay = 300 nm. A 600 nm layer of PbS/CdS core/shell quantum dots in

a polystyrene (PS) matrix is spincoated, henceforth referred as the QD-

layer, on top of the array. The QDs emit at a peak energy of 1.33eV

(930 nm) with a full width at half maximum of 280 meV. Additionally,
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ax
ay

qin

k

Figure 7.1: An array of gold nanorods (or nanoantennas) on a glass substrate.

At the partical combination of incidence angles and photon energies, the sur-

face lattice resonances can be excited.

a similar QD-layer is made, but spincoated directly on a silica substrate.

This sample without the manufactured nanoantennay arrays will be used

a reference.

7.2.2 Measurement of the near and far field extinction

Figure 7.2a shows the measured variable angle FF extinction, given

by 1-T0, with T0 the zeroth order transmission through the QD-layer,

nanoantenna array and the substrate normalized to the transmission of

the reference sample. The measurements are shown as a function of the

incident photon energy and the wave vector component k‖ parallel to

the long axis of the nanorodsk‖ = k0sin(θin)ex with k0 the magnitude

of free space wave vector. The incident light is s-polarized, i.e., along

the polarization parallel to the short axis of the nanoantennas. The (+1,

0) and (-1, 0) RAs are indicated by the white solid and dash-dot lines,

respectively. These are diffraction orders radiating in the plane of the

array, and their dispersion follows the conservation of theparallel com-

ponent of the wave vector,i.e., E(k‖) =
h̄c
n |kparallel| +m |Gx|, where

m is the order of diffraction andGx = 2π
ax

is the x-component of the

reciprocal lattice vector.
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Figure 7.2: Experimental dispersion relations in (a) Extinction, and (b) Pho-

toLuminescence Enhancement (PLE), for the nanoantenna array described in

the text. The photon energy and wave vector component parallel to the surface

refer to the (a) incident and (b) emitted radiation. The solid and dash-dot white

lines indicate the (+1, 0) and (-1, 0) RAs, respectively. Theinset in (a) shows

a magnified view of the lowk‖ region, where the gap opens. Figures (c)-(e)

show the extinction as a solid red line and PLE as a dashed blueline for (c)

k‖ =0, (d)k‖ =0.1 rad/µm, and (e)k‖ = 0.22 rad/µm; the latter two cases are

indicated by the dashed lines in (a) and (b). The PLE in (d) shows a peak at an

energy for which the extinction is minimized.
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An effective refractive index ofn = 1.50 is used due to the underlying

substrate and the QD-layer superstrate to calculate the Rayleigh anoma-

lies. The two peaks in extinction following the dispersion of the RAs

on the low energy side correspond to the excitation of the surface lattice

resonances25–31. The mutual coupling of the SLRs leads to the opening

of a frequency gap in their dispersion relation (anti-crossing). The in-

set in Fig. 7.2a displays an enlarged view of this gap. Noticethat the

dispersion of the bright (-1,0) SLR flattens and the extinction increases

near the anti-crossing, which occurs near normal incidence. This in-

dicates the formation of standing waves with an enhanced density of

optical states at the band edge. A narrowing linewidth and diminishing

extinction are observed for the (+1,0) SLR, which are clear signitures of

subradiant damping32;33.

7.2.3 Measurement of the photoluminescence enhancement

The measurement of the variable angle photoluminescence enhance-

ment (PLE) is done by exciting the sample with a 514 nm line of an

Ar/Kr laser at a fixed angle (9◦) of incidence, and the and the s-polarized

emission is collected as a function ofθem, the angle of the detector with

respect to the normal. The PLE is shown as a function of the emitted

photon energy and wave vector component parallel to the longaxis of

the antennas,k‖ = k0sin(θem)ex. Figure 7.2b illustrates the PLE, given

by Iin
Iout

, with Iin andIout the emission from the QD-layer inside and

outside the nanoantenna array, respectively. The PLE displays features

approximately in line with those in extinction (although broader). Al-

though this similarity, a detailed inspection reveals a non-resemblance

between the PLE and the extinction for some values ofk‖. In Figs. 7.2c-

e we plot the spectra at the values ofk‖ indicated by the dashed lines in

Figs. 7.2a and 7.2b, with the extinction as solid red lines and the PLE

as dashed blue lines, respectively. Atk‖ = 0 (Fig. 7.2c), a single peak

in extinction associated with the bright (-1,0) SLR arises at 1.363 eV.

The PLE displays two peaks with a≈ 6-fold enhancement: one at 1.36

eV corresponding to the bright (-1,0) SLR, and another at 1.375 eV cor-
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responding to the dark (+1,0) SLR. We attribute the enhancement of

the QD emission by the (+1,0) SLR, which is dark in the FF, to the lo-

cal nature of the excitation. As it was shown in a recent work32, the

dark and bright character of SLRs has its origin in the symmetry of the

modes. However due to their small size (3 nm) as compared the array

dimensions, the QD emitters are sensitive to the local field rather than

the global symmetry of the array, which allows for their interaction with

dark modes1. Figure 7.2d shows the spectra atk‖ = 0.08 rad/µm, where

the extinction displays peaks at 1.376 eV and 1.354 eV corresponding to

the (+1,0) and (-1,0) SLRs, respectively. The PLE also showstwo broad

features centered at approximately the same energies, but more striking

is the narrow (60 meV full width at half maximum) feature at 1.364 eV

leading to a≈ 7-fold enhancement of the QD emission. Notice that at

the same energy the FF extinction is very low. It is remarkable that at

an energy and in-plane momentum for which the nanoantennas scatter

minimally when probed from the FF there is an emission enhancement

that is superior to the one observed for the bright mode atk‖ = 0. The

physics behind this NF resonance at a FF anti-resonance is the focus in

the next section. For comparison, we show in Fig. 7.2e the measure-

ments atk‖ = 0.22 rad/µm, where two broad features in the PLE are

observed near the energies of the (-1,0) and (+1,0) SLRs in extinction,

as previous work has shown29.

7.3 Simulations of the near field enhancement in

plasmon arrays

7.3.1 Simulation domain

In order to understand the conditions leading to a NF resonance at a FF

anti-resonance, we simulate an array of nanorods with dimensions 250

× 110× 40 nm3 using in-house developed FDTD model. The computa-

tional domain consists of a unit cell with Bloch-Floquet boundary con-

ditions on the sides and perfectly matched layers on the top and bottom.

The incident light wave is polarized along the short axis of the nanorods
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and propagates from the top to downwards within computionaldomain.

The arrays of gold nanorods we examine are in a rectangular lattice with

constantsax = 600 nm anday =300 nm. A homogeneous medium of

refractive indexn = 1.46 (silica) surrounds the nanorods. The dielectric

function of gold is taken from Palik34, and fitted in the spectral range of

interest with a Drude model:

ε(ω) = ε∞ −
ω2
p

ω2 + i ω
ωc

(7.1)

with ε∞ = 2.13,ωp = 1.13 1016 rad/s andωc =1.38 1016 rad/s. The

transmittance,T , is calculated by integrating the vertical time-averaged

Poynting vector on a plane below the array and normalizing this to that

of the incident field. The scattered reflected energy is obtained by an

integration on a plane above the nanorods using the scattered field only

(by subtracting the incident field). To compare the PLE with model

predictions we investigate the NF strength and compute the near-field

intensity enhancement (NFIE)|E|2
|E0|2

= I
I0

, with E the total electric field

andE0 the incident field, both at a plane intersecting the nanorodsat

their mid-height.

7.3.2 Simulation of the near field intensity enhancement

Figure 7.3 illustrates the FF and NF spectra. Fig. 7.3a,b,d,e show in

color the transmittance, reflectance, NFIE and 1-R0-T0, respectively

as a function of the incident photon energy andk‖. The (+1,0) and

(-1,0) Rayleigh anomalies are indicated by the magenta solid and dash-

dot lines, respectively. The two dips (peaks) inT0 (R0) are redshifted

with respect to the RAs and following their dispersion the surface lat-

tice resonances. The SLR associated with the (-1,0) order isbright, as

its dispersion flattens and its extinction increases near normal incidence.

In contrast, a narrowing linewidth and diminishing extinction – finger-

print of subradiant damping – are observed for the (+1,0) SLRask‖
decreases and the mode becomes dark at normal incidence32. The mu-

tual coupling of bright and dark SLRs leads to an anti-crossing in their

dispersion relation atk‖ = 0, i.e., a frequency gap opens32. This anti-
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crossing leads to a small gap near 1.37 eV in Figs. 7.3a and 7.3b. Much

larger gaps were reported for identical lattices with different nanorod

sizes by Rodriguez et al.32.

The NFIE features in Fig. 7.3d are very similar to those observed in

R0 andT0 in the highk‖ regime, but a strong discrepancy arises near

k‖ = 0.1 rad/µm. Figure 1(e) shows 1-R0-T0, which for energies below

the RAs is exactly the absorptance in the metal. As expected,there is a

close correspondence between absorption and NFIE. In Fig. 7.3c we plot

cuts of Figs. 7.3a and 7.3b atk‖ = 0.1 rad/µm, and Fig. 7.3f shows cuts

of Figs. 7.3d and 7.3e at the same value ofk‖, which is indicated by the

vertical dashed line in all dispersion diagrams. The dips (peaks) inT0

(R0) at 1.355 and 1.385 eV in Fig. 1(c) correspond to SLRs associated

with the (-1,0) and (+1,0) diffraction orders, respectively. A FF-induced

transparency is observed as a dip (peak) inR0 (T0) between the two

SLRs. In contrast, Fig. 7.3f displays a single peak in the NFIE and in

absorptance at the same energy of the FF-induced transparency.

7.3.3 Controlling the near field intensity enhancement

The contrast between the FF and NF spectrum of this nanorod array de-

rives from the interference between the SLRs, and the associated retar-

dation of the scattered field along the nanorod length. Theseprocesses

are governed by the geometry of the nanorods, and in particular their

lengthL. Figure 7.4 showsT0 in (a) and NFIE in (b), as a function

of L, for arrays with dimensionsL nm× 110 nm× 40 nm illuminated

by a plane wave withk‖ = 0.8 rad/µm. The 110 nm width and 40 nm

height of these nanorods are identical to those reported in Rodriguez et

al.32, so direct comparison can be made forL = 450 nm. The high- and

low-energy features correspond to the (+1,0) and (-1,0) SLRs. Their en-

ergy and linewidth vary withL due to retardation and radiative damping.

Notice that forL ≥ 250 nm the (+1,0) SLR is bright, whereas the (-1,0)

SLR is dark, as reported in Rodriguez et al.32. The SLR properties are

interchanged forL ≤ 250 nm, such that flattening of the band occurs

for the (-1,0) SLR and subradiant damping onsets for the (+1,0) SLR,
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Figure 7.3: Zeroth-order (a) transmittanceT0, (b) reflectanceR0, and (c) cut-of

(a) and (b) atk‖ = 0.1 rad/µm. (d) 1-R0-T0, (e), average NFIE at a plane inter-

secting the nanorods at their midheight, and (f) cut-of (d) and (e) as solid red

line atk‖ = 0.1 rad/µm. In (a), (b), (d), and (e),k‖ =0.1 rad/µm is indicated

by the vertical dashed lines; the solid and dash/dot lines indicate the (+1, 0)

and (-1, 0) RAs. The nanorods have dimensions of 250 nm× 110 nm× 40 nm.
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as observed in Fig. 7.3. Particularly interesting is the regime 230 nm

≤ L ≤ 270 nm, whereT0 displays an anti-crossing characteristic of cou-

pled modes, but the NFIE displays a crossing of the two modes.In this

regime the structure has a resonant NF at an FF-induced transparency,

as discussed for Fig. 7.3.

7.3.4 Field profile at the anti-crossing condition

The field profile at the photon energy andk‖ of the NF resonance at

the FF-induced transparency is shown in Fig. 7.5. Figure 7.5a shows

the total electric field enhancement|E|2
|E0|2

in color and the scattered field

as arrows. The four hot-spots near the corners of the nanorods and the

scattered field show the quadrupolar character of the mode. The in-

clined incidence breaks the symmetry of the mode, which manifests as

a stronger field enhancement on the right side of each nanorod. This

broken symmetry leads to a nonvanishing dipole moment, which allows

the excitation of this mode and a finite extinction. Figure 7.5b shows

the differences in phase between the scattered and incidentfields, i.e.,

φsca − φinc. Two values, which are(−0.6 ± 0.15)π (light blue) and

(0.5 ± 0.15)π (dark blue), prevail throughout space. Their difference,

1.1π, is close to the out-of-phase condition ofπ, thus resulting in a sup-

pression of scattering. The phase distribution in Fig. 7.5bcorresponds

to the formation of a standing wave. The interference of two counter-

propagating surface polaritons creates the standing wave.

In view of this, we observe a clear qualitative agreement between the

extinction and the NFIE by using QDs as local field sensors. Altough,

it is not entirely clear to us why the extinction is significantly lower in

the experiments than in the simulations. Nevertheless, theabove results

show the potential for hybrid plasmonic/photonic applications.

7.4 Conclusion

A periodic array of plasmonic nanorods was shown to exhibit areso-

nant NF and FF-induced transparency at the same photon energy and
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Figure 7.4: (a) Zeroth-order transmittanceT0 and (b) NFIE at a plane intersect-

ing the nanorods at their mid-height. Arrays of nanorods with width = 110 nm,

height = 40 nm, and variable length, are illuminated by a plane wave with

kparallel = 0.8 rad/µm. The labels near the SLRs indicate the associated

diffraction order.

Figure 7.5: (a) Field enhancement (in color scale) and real part of the scattered

field at an arbitrary phase (arrows) and (b) phase differencebetween the scat-

tered and incident field in units ofπ. Both (a) and (b) are calculated at a plane

intersecting the nanorods (delimited by the yellow lines) at their mid-height.

The incident photon energy and in-plane wave vector correspond to the NF

resonance at the FF-induced transparency.
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in-plane momentum. We envisage this counterintuitive behavior to en-

able many of the key functionalities (e.g., enhanced light emission and

sensing) pursued by plasmonic EIT analogs, but with the benefit of a

collective resonance at the expense of tight field localization. Addition-

ally, this behavior is being experimentally proven using QDs as local

field sensors.
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8
General conclusion

8.1 Conclusion

In this work we have aimed to surpass some of the milestones onthe way

of progressing the field of colloidal quantum dots and their integration

in a photonic platform. Throughout the thesis we have tackled various

challenging topics. In this chapter we will summarize the main results,

discuss the important links between them and highlight the prospects for

future research and applications.

8.1.1 Synthesis

We have succesfully synthesized CdTe QDs with sizes varyingfrom 3 to

11 nm using the hot injection method. The bandgap is tunable between

500 nm and 760 nm, or 1.6-2.48 eV. This bangap energy corresponds to

twice the photon energy of the range used in telecom applications, i.e,

1300 nm-1600 nm. The large quantum dot sizes were obtained byintro-

ducing a continuous multiple injection method, whereby precursors are
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continuously injected at a controlled reaction time, avoiding Ostwald

ripening. We determine the crystal structure with XRD and show that

the CdTe QDs have a zincblende crystal structure with the same lattice

parameter as their respective bulk material. Due to quantumconfine-

ment, the particle size determines the bandgap of the QD material. By

combining UV-vis-absorption spectroscopy and transmission electron

microscopy imaging, we correlate both the size and the bandgap and

construct a sizing curve for the CdTe QDs. In this way, size and size

dispersion can be calculated from the spectral position of the first ab-

sorption peak determined by measuring the absorbance of thenanocrys-

tal suspension. The CdTe synthesis yields nearly stable particles with a

1-6 nm blue shift of the absorption peak in 20 days, corresponding to a

particle size reduction of 1.5-1.8̊A. Further optimzation of the surface

chemistry might avoid this small particle size reduction. Additionally

we have synthesized PbS QDs for use in the NIR-midIR wavelength re-

gion. By controlling the growth temperature of the PbS nanocrystals

from 60 to 180◦C, nanocrystal sizes from 2.5-7.5 nm are obtained with

absorption peaks in the wavelength range 800-2000 nm.

8.1.2 Linear optical properties

An important quantity in a nanocrystal suspension is the particle con-

centration. It can be determined from the absorbance spectrum if we

know the molar extinction - or the intrinsic absorption coefficient. In

this part we have analyzed the (linear) optical properties of the syn-

thesized CdTe QDs in the previous part and focused more specifically

on the absorption coefficient of CdTe QDs. We determine the atomic

concentrations (ICP-MS), cation-anion atomic ratios (RBS), lattice pa-

rameter, particle size and the absorbance spectrum of the QDs (UV-vis

absorption spectroscopy) and calculate the intrinsic absorption coeffi-

cient. At a short wavelength of 410 nm the intrinsic absorption coef-

ficient does not show quantum confinement effects and the obtained

values are in good agreement with the bulk value of the CdTe mate-

rial. The average of these values can be used as a reliable standard

260



Chapter 8. Conclusion 261

for the concentration determination of CdTe nanocrystals.Around the

bandgap transition we find integrated absorption coefficients that scale

inversely proportionally with the QD volume. Most importantly, these

data show a deviation up to a factor of 3 compared to the valueswidely

used in literature. Futhermore, we studied a new class of QDsin the vis-

ible wavelength range, CdSe/CdS core/shell and CdSe/ CdSexS1−x/CdS

core/alloy/shell QDs. We determine the intrinsic absorption coefficient

of these multishell QDs. Based on Maxwell-Garnett theory and an al-

loying model considering the diffusion of the Se and S atoms respec-

tively at the inner and outer CdSe and CdS shell we show that intrinsic

aborption coefficients of CdSe/CdS core/shell QDs can be employed for

CdSe/ CdSexS1−x/CdS core/alloy/shell QDs within a 5% error of cal-

culation. In view of this results, the inroduced model is valuable for

ongoing research in multishell and alloyed QD systems. Moreover, we

show that the absorption coefficient is still correlated with the local field

factor as defined for core systems.

8.1.3 Nonlinear optical properties

Having explored the linear optical properties of the colloidal QDs in the

previous part, we study (high optical power) nonlinear properties of col-

loidal PbS QD suspensions as a function of wavelength, optical intensity

and QD volume fraction using the Z-scan technique with picosecond

pulses. Knowing the characteristic temperature profile buildup timetc,

we modulate the laser repetition rate and exclude thermal lensing to di-

rectly measure the electronic contribution to the nonlinear refractive in-

dexn2. The nonlinear refractive index is independent from the intensity

and follows the QD absorption spectrum. Figure of merits larger than

one are obtained for the PbS QDs and are larger compared with crys-

talline silicon (0.37). By introducing a rate equation model, the amount

of excitons in the QDs is calculated. The creation of excitons and the

resulting photoinduced absorption in the PbS QDs lies at theorigin of

the observedn2 and the nonlinear absorption coefficientβ. Using tran-

sient Four Wave Mixing (FWM) with 150 fs pulses we prove that at low
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excitation intensities the dynamics is dominated by singleexciton ther-

malization (ns) and recombination (µs). At higher intensities the FWM

signal results in a 100 ps response. This shows that colloidal PbS QDs

are efficient and fast nonlinear materials.

8.1.4 Light absorption in hybrid/SOI waveguides

In this chapter, we have analyzed the absorption coefficientof SOI pla-

narized waveguides (PWGs) coated with close-packed mono- and mul-

tilayers of PbS/CdS QDs. We retrieve the fingerprint of the QDs in the

waveguide absorbance and find that the absorbance per QD increases

with the number of QD layers. The experimental data are compared with

simulation results, where the QD multi-layers are described as an effec-

tive medium in which the optical properties depend on dipolar coupling

between neighboring QDs. Close agreement between the experimental

values and the simulation results is obtained using the dielectric con-

stantεh of the QD host material as the only adjustable parameter. We

find that the increased absorbance in thicker layers makes that a higher

value ofεh is needed to match the simulated and the experimental data.

We interpret this as a transition from a regime where the fieldlines cou-

pling the QDs mainly pass through the surroundings (monolayer case)

to a situation where these field lines are mainly confined within the QD

stack (thicker multilayers). In addition we determine the waveguide ab-

sorbance of silicon-on-insulator strip waveguides (SWGs)coated with a

monolayer of PbS/CdS core/shell QDs. Using the host permittivity de-

duced from the study in the PWGs we obtain values for the losses which

are in quantitative agreement with the experimental results. This al-

lows to engineer the interaction of colloidal QDs with stripwaveguides.

Based on SEM imaging and the simulated QD absorption coefficient

we show that the morphology of the deposited layer directly affects the

waveguide absorbance. Using 3D FDTD simulations we show that the

QD-emission can be excluded from the measured waveguide absorbance

in the SWGs and the PWGs.
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8.2 Prospects

In chapters 6-7 we demonstrate the use of colloidal QDs as wavelength

convertor and as a local field sensor.

We perform simulations for wavelength conversion based on colloidal

PbS/CdS QDs integrated on silicon on insulator waveguides.We in-

troduce a figure of meritFOM as a measure of the conversion capa-

bility. At a slow microsecond timescaleFOM values of 0.9 are ob-

tained, while at faster picosecond time scaleFOM values up to 25

are achieved. At this timescale, we demonstrate the use of the QDs as

10-20 GHz bandwidth wavelength convertor for different telecom bands

: O-band (1274-1346 nm), C-band (1530-1565 nm) and L-band (1565-

1625 nm). By appropriately tuning the bandgap of the QDs, thewave-

length conversion can be perfomed either within different telecom bands

or from a short - to a longer wavelength band,e.g. from the O- to the

L-band. In the former case, the bandgap of the QDs requires tomatch

the wavelength region of the needed band and the conversion is done

by involving the interband absorption transition of the QDsfirst 1S-1S

energy level. While, in the latter case the bandgap of the QDsneeds to

be tuned around the wavelength region of the short band and the conver-

sion is performed involving the intraband aborption transitions from the

QDs valence and conduction bands.

Furhermore, we demonstrate the employment of PbS/CdS QDs aslocal

field sensors in plasmonic arrays. The high quality factor (Q≈1000) in

this arrays enables an efficient interaction with the QD-layer. The plas-

monic arrays support surface lattice resonances which interacts with the

optical field in a different way in the near field (NF) and the far field

(FF), respectively. The NF can be seen as the local field of theplas-

monic arrays, while the FF is typically the observed field upon trans-

mission through these arrays. Due to the combination of the small sizes

of the QDs as compared to the dimension of the arrays (≈ 100 nm) and

their highly luminescent emission properties, the QDs are suitable to be

excited with the NF, where they emit photons detectable in the FF. This

renders the QDs as efficient local field sensors of the NF for the far field.
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Finally, we have shown that the used colloidal QDs posess many new

functionalities, they are efficient and fast nonlinear materials and the op-

tical properties on chip can be quantitatively determined enabling sim-

ulation supported device modeling and optimization (e.g. QD based

lasers and solar cells). In combination with the facile integration with

photonic devices using wet deposition techniques and the easy tuning of

the QD linear and nonlinear properties this opens pathways for a bright

future with novel applications in (and beyond) the field of photonics.
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A
Molar extinction coefficient of

core/shell nanocrystal suspensions

In this appendix we will explain the relation between the molar extinc-

tion coefficientǫ and the absorption coefficientµ (see Chapter 3) of

colloidal nanocrystal suspensions. We start from the absorbanceA in a

cuvette which is defined as :

A = −log(T) (A.1)

and on the other handµ is given by :

µ =
−ln(T)

L
(A.2)

with T the transmission through a cuvette of a lengthL. The intrinsic

absorption coefficientµint is related toµ as :

µ = µint f (A.3)
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with f the volume fraction that the nanocrystals occupy in the suspen-

sion (or more general in the composite), which can be explicitly related

to the quantum dot diameterdQD and the nanocrystal concentrationc in

the suspension :

f =
π d3QD

6
NA c (A.4)

Here,NA is Avogadro’s constant. In a solution, the absorbanceA at

a given wavelength is linked toǫ and the concentration through the

Lambert-Beer’s law:

A = ǫ cL (A.5)

After some basic algebra using Eq. A.1-Eq. A.5, we obtain an expres-

sion relating the molar extinction coefficient through Lamber-Beer’s law

:

ǫ =
[

µint
π

6
NA ln(10)

]

d3QD (A.6)

It is clear from this equation that this has the form :

ǫ = Ap d
3 (A.7)

with Ap a prefactor. Equation A.6 generally holds for any type of

nanocrystal (core, core/shell, ..), but asµint depends on the shell vol-

ume to the total volume ratiop for core/shell nanocrystals as shown in

literature1, we added ap subscript to the prefactor in Eq. A.7 to denote

that the prefactor is related top. In the aforementioned literature report,

experimental data is provided forµint for PbS/CdS QDs dispersed in a

tetrachloroethylene (TCE) liquid (see Fig. A.1a). This data allows us

to determineAp using equations A.6-A.7. The calculated results are

shown in Fig. A.1b. By fitting the points using a third order polynomial

we obtain an explicit relation for the prefactor as a function of p:

Ap = 0.02392 + 3.2599 10−3 p− 1.6414 10−3 p2 − 1.2092 10−2 p3

(A.8)

1Y. Justo et al., Optical properties of PbS/CdS quantum dots., Journal of Physical

Chemistry C,2013, 117, p 20171
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This is the relationship that is reported in Chapter 2, sec. 2.4.4.

Theµint values in Fig. A.1 were shown to be reliable in the reported

literature (see the procedure outlined in Chapter 3) and consequently

the obtained prefactorAp can be used reliably to determine the molar

extinction coefficient of PbS/CdS nanocrystal suspensions.

271



Appendix A. 272

24x10
-3

22

20

18

16

14

A
p

1.00.80.60.40.2

Vshell/Vtot

 (b)

160x10
3

140

120

100

m
,i

n
t

1.00.80.60.40.2

Vshell/Vtot

(a)

Figure A.1: (a) Intrinsic absorption coefficientµint of PbS/CdS QDs dispersed

in a tetrachloroethylene liquid. (b) Calculation ofAp based on Eq. A.6 and

the data in (a) forµint. The points are fitted are to a third order polynomial

yielding expression A.8 for the prefactor as a function of the shell to the total

volume ratiop = Vshell

Vtot

.
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