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ABSTRACT

A next generation of electronic and optoelectronic devices with high performances and
low cost is expected to take off with colloidal quantum dots (CQDs) thanks to their unique
electrical and optical properties. CQDs are semiconducting nanocrystals synthesized in
solution that behave as artificial atoms. Substantial progresses in CQD film-based op-
toelectronics has been made over the past decade, but the performances are still limited
and governed by the merit and inherited properties of CQDs. Another type of artificial
medium, metamaterials, is generating a considerable interest from the nano-optics com-
munity because of its promises for beating the diffraction limit, realizing invisible cloaks,
and creating negative refractive of index at optical regime. However, many of the po-
tential applications for optical metamaterials are limited by their losses and the lack of
active functionalities driven by electricity.

Although films of CQDs and metamaterials are studied independently and associated
to two distinct fields, their properties are mainly determined by their inner geometry.
In addition, the difficult hurdles from each field can be surmounted by cooperating with
the other one. This dissertation establishes the first bridge to connect CQDs and meta-
materials and is a first attempt at exploiting the synergy of different types of artificial
media.

Firstly, we study plasmonic nanoantenna arrays capable of enhancing the spontaneous
photoluminescence of CQDs and provide new fundamental insights into these interac-
tions. Secondly, we report the fabrication and characterization of the first all-inorganic
top-emission infrared quantum dot light-emitting-diodes (QDLEDs). The diodes are de-
veloped to serve as a solid platform for studying the CQDs film/metamaterial hydrids.
Finally, we insert the plasmonic nanoantenna arrays studied at the beginning of this thesis
in our QDLEDs and demonstrate a novel form of electroluminescence in which light is
emitted by discrete nanoscale pixels that can be arranged at will to form complex light
emitting metasurfaces. Other advantages associated with our metamaterial QDLEDs will
also be presented i.e. greatly enhanced brightness, extremely low turn-on voltage, emis-
sive color tunability, and polarized electroluminescence. A series of control experiments
to probe the operational mechanisms of metamaterial QDLED will be discussed.

This demonstration illustrates the enormous synergy of combining different types of
artificial matter and suggests that many other opportunities will arise by taking an unified

view of the various artificial media developed in physics, chemistry and engineering.
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RESUME

Les métamatériaux sont des composés artificiels permettant de réaliser des propriétés
électromagnétiques n’existant pas dans la nature, ou alors seulement trés difficilement
réalisables avec des matériaux naturels. Parmi les nouvelles possibilités offertes par les
métamatériaux, on peut citer les milieux a indice négatif qui inversent les lois de 'optique
classique et permettent de réaliser des lentilles parfaites, des absorbeurs performants, et
des capes d’invisibilité. Ces avancées spectaculaires ont été permises par le fait que les pro-
priétés des métamatériaux ne proviennent pas uniquement de leur composition chimique,
mais également de leur géométrie interne qui offre de nouveaux degrés de liberté pour la
conception d’effets électromagnétiques innovants. Historiquement, les métamatériaux ont
été introduits aux fréquences micro-ondes au début des années 2000 et se développérent
rapidement, tant du point de vue fondamental qu’applicatif. Ce dynamisme s’explique
par le fait que les structures sont trés faciles a fabriquer a ces fréquences (la taille des
éléments du métamatériau doit étre de l'ordre d’un dixiéme de la longueur d’onde, ce
qui correspond & plusieurs millimétres dans le régime micro-onde), ce qui a permis aux
chercheurs et ingénieurs de se focaliser uniquement sur la nouvelle physique et les appli-
cations. Petit a petit, la communauté s’est mise a développer des métamatériaux a des
fréquences plus élevées, en régime Térahertz, puis en infrarouge (IR), et enfin en optique
(proche IR et visible). Trés vite, il est apparu que les enjeux en optique sont bien différents
de ceux des basses fréquences : les structures sont extrémement difficiles a fabriquer (né-
cessité d’avoir recourt a la nanofabrication en salle blanche), les matériaux utilisés dans
leur composition absorbent considérablement plus, et il n’existe pas de stratégie pour fab-
riquer des métamatériaux actifs commandés électriquement. Il convient donc d’inventer
de nouvelles approches et de nouvelles stratégies afin que les métamatériaux optiques
réalisent leur plein potentiel. Le but de cette thése est d’imaginer ce futur, en intro-
duisant les tous premiers métamatériaux optoélectroniques. Comme nous le décrirons
plus loin, ceux-ci seront obtenus en hybridant boites quantiques colloidales (BQCs) et
réseaux de nanoparticules métalliques d’or. Les BQCs sont des cristaux semiconducteurs
synthétisés en solution déja tres étudiés en optoélectronique car ils offrent une alternative
bas cotit et de plus en plus performante aux semiconducteurs épitaxiés pour la fabrica-
tion de LEDs, de détecteurs et de cellules solaires. Dans ce manuscrit, nous montrerons
comment transformer des LEDs BQCs conventionnelles en des métamatériaux ayant des

propriétés optoélectroniques trés innovantes. Aprés un premier chapitre d’introduction
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résumant le contexte que nous venons d’esquisser, le deuxiéme chapitre de cette thése est
consacré a des études fondamentales sur les interactions entre réseaux de nanoparticules
métalliques d’or et des BQCs en sulfure de plomb émettant dans le proche infrarouge
dans la gamme 1000-1500 nm. Plus précisément, cette premiére partie est entiérement
consacrée a la modification de la luminescence des BQCs dans une matrice diélectrique
en présence des nanoparticules, c’est-a-dire 'effet Purcell. Il s’agit d’'un phénoméne trés
connu et qui consiste dans le fait que la densité locale d’états photoniques varie fortement
au voisinage de nanoparticules métalliques. En particulier, les nanoparticules peuvent
piéger le champ électromagnétique avec leur nuage d’électrons libres et former un mode
résonant appelé résonance plasmon. A la résonance, la densité d’états photoniques est
maximum, ce qui augmente le nombre de canaux radiatifs pour les émetteurs et donc leur
luminescence. Dans cette thése, nous avons apporté de nouvelles contributions fondamen-
tales sur ce sujet en montrant par toute une série d’expériences que le modeéle théorique
généralement utilisé pour décrire l'effet Purcell ne s’applique pas au cas d'un ensemble
de BQCs dans une matrice diélectrique en contact avec des nanaparticules, qui constitue
pourtant I'un des systémes les plus connus et les plus simples a fabriquer et a caractériser.
Nous montrons en particulier qu’il est important de prendre en compte I’élargissement,
inhomogéne des émetteurs ainsi que le fait qu’ils puissent émettre non seulement par re-
combinaison excitonique, mais également par des états de surfaces, deux paramétres non
pris en compte dans le modéle précédemment évoqué. Notre thése introduit un nouveau
modéle développé par J.-J. Greffet permettant d’expliquer nos mesures. Nous avons en-
suite appris a fabriquer des LEDs a BQCs en sulfure de plomb qui serviront de plateforme
au développement de métamatériaux optoélectroniques a la fin de la thése. Il s’agit d’une
compétence qui n’était pas maitrisée dans I’équipe. Le développement de ces LEDs, les
difficultés que nous avons rencontrées et les performances des dispositifs finalement fab-
riqués font 'objet du chapitre 3 du manuscrit. L’architecture finale est un empilement
comprenant une cathode en aluminium, une couche de transfert d’électrons en oxyde de
titane, une couche de BQCs, une couche de transfert de trous en oxyde de molybdéne et fi-
nalement une anode transparente en ITO. Les caractéristiques électriques des échantillons
ont bien le comportement rectificateur que 'on attend d’une diode et nous avons vérifié
que la lumiére émise provient bien des boites quantiques. Nes structures commencent a
émettre au-dela d’une tension de seuil de 5 ou 6 Volts environ, ce qui est un peu élevé
par rapport a I’état de I'art. Cela s’explique par le fait que contrairement aux groupes
reconnus dans le domaine, nous n’effectuons aucune étape de chimie pour optimiser les

boites (tel qu'un échange de ligand) et que nous fabriquons tous les dispositifs sous at-
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mosphére ambiante alors que la plupart des structures décrites dans la littérature sont
élaborées sous atmosphére inerte. Néanmoins, nos LEDs sont stables dans le temps et
reproductibles ; elles jouent en cela parfaitement leur role qui consiste a servir de point
de départ pour développer les nouveaux métamatériaux optoélectroniques présentés dans
le quatriéeme chapitre. Dans ce chapitre, nous montrons comment hybrider les réseaux
de nanostructures métalliques étudiés au cours du chapitre 2 avec les boites quantiques
colloidales de nos LEDs, le tout pour créer un type nouveau d’électroluminescence artifi-
cielle. Celle-ci se traduit par ’émission de lumiére par des nanopixels discrets composés
des nanoparticules d’or et des BQCs qui les recouvrent. Les propriétés des dispositifs
peuvent étre controlées par la seule géométrie de ces pixels qui déterminent, a 1’échelle
nano, la plupart des paramétres d’émission et d’injection électrique (tension de seuil,
spectre d’émission, brillance, controle total de la polarisation. .. ). Ces pixels peuvent étre
arrangés de fagon arbitrairement complexe afin de générer toute une gamme de fonction-
nalités. De plus, les performances de ces dispositifs sont bien meilleures que nos LEDs du
chapitre 3 puisqu’elles affichent des tensions de seuil a ’état de I’art mondial (moins de
1.5 V). Comme les pixels et leur espacement sont fortement sub-longueur d’onde, tout se
passe comme si la lumiére provenait d’une couche électroluminescente effective continue.
Autrement dit, 'hybridation de BQCs et de nanoparticules métalliques répond bien a la
définition d’'un métamatériau puisqu’il s’agit de structures fortement inhomogénes dont
la géométrie controle les propriétés mais qui, d'un point de vue macroscopique, se com-
portent comme un milieu actif continu. Pour illustrer les possibilités offertes par cette
luminescence structurelle (c’est-a-dire controlée par la géométrie des nanopixels), nous
avons notamment fabriqué une LED affichant deux mots différents selon la polarisation a
travers laquelle on I'image. Nous avons également entrepris une étude systématique pour
comprendre d’oll provenaient ces propriétés nouvelles. De nombreuses expériences de
controle ont été réalisées (comme par exemple supprimer la couche de boites quantiques,
remplacer les réseaux de nanostructures d’or par des films d’or continus, varier ’épaisseur
des couches d’injection de charges, etc...) qui ont toutes pointé vers une explication
comprenant deux facteurs complémentaires : (i) le fait que I’électroluminescence soit ex-
altée par les résonances plasmon des nanoparticules d’or et (ii) le fait que la présence de
ces nanoparticules induise des chemins de résistance moindre a travers I'empilement, ce
qui favorise l'injection électrique. Le dernier chapitre de la thése est consacré aux con-
clusions et perspectives offertes par ces travaux. Il est important de noter en particulier
que tous les échantillons ont été fabriqués dans la salle blanche de I'IEF sans concours

extérieur. Sur le court terme, il importera d’élucider plus finement les mécanismes a



I'ccuvre dans les LEDs a métamatériaux présentées au chapitre 4, en particulier pour ex-
pliquer pourquoi l'incorporation de nanoparticules métalliques dans une architecture de
LED modifie de facon si drastique ses propriétés électriques. Ces investigations passeront
par I’élaboration de modéles numériques et théoriques ainsi que par des expériences de
sonde locale (électroluminescence sous pointe STM par exemple) afin de mesurer plus
précisément ’hybridation des boites quantiques avec les nanostructures métalliques. 11
sera également intéressant d’étendre cette approche a d’autres applications telles que la
détection, ce qui peut se faire en opérant les dispositifs en polarisation inverse. Plus
généralement, ces travaux élargissent la notion de matiére artificielle puisque nous avons
combiné deux types de matériaux composites pour réaliser les métamatériaux optoélec-
troniques du chapitre 4—des réseaux de résonateurs plasmoniques et des boites quantiques
colloidales qui sont considérées comme des atomes artificiels en électronique. Ces travaux
montrent donc tout 'intérét d’une synergie entre différents types de milieux artificiels et
nous espérons qu’ils seront a ce titre une source d’inspirations pour de nombreux autres

domaines en dehors de la seule optoélectronique.
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Chapter 1

Introduction

Progresses in materials have always shaped the evolution of human civilization. The Stone,
Bronze and Iron Ages were all defined by the most advanced materials of these eras. Quite
early in modern human history, people have also successfully combined several materials so
as to obtain new properties that Nature does not provide. The discovery of concrete during
the Roman Empire, for example, had an important role for the expansion of the Empire
through Europe. This composite comprised of cement, sand and aggregates was exploited
in numerous constructions including the Roman Colosseum, the Pantheon and the Pont du
Gard. Although the ancient concretes are very strong in compression, they are fragile due
to poor tensile resistance. Modern concretes overcome this limitation by embedding steel
bars or structural steel within concretes. This invention has transformed architecture and
construction alike since the use of reinforced concrete is now ubiquitous and has enabled
the construction of landmark buildings that would have been impossible to construct
otherwise such as the Sydney opera house, the Christ statue atop the Corcovado in Rio
de Janeiro, as well as the tallest building currently existing on earth, the Burj Khalifa
tower (829.8 m in height) in Dubai [IJ.

There are of course many other examples of composite media that have transformed
our life, from plywood to lightweight carbon fiber composites used in highly demanding

environments (e.g. for aeronautic and space applications). In nanotechnology also, a
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number of breakthroughs were achieved with the composite approach. Such is the case
for example with the advent of efficient thermoelectric devices |2] B] 4] b], metamaterials
that provide novel electromagnetic properties and composite semiconducting films made of
colloidal quantum dots (CQDs). However, it is striking to note that each different subfield
of nanotechnology and nanoscience develops its own artificial media without much regard
to what other communities are doing. Although it can be understood by the fact that the
physics, motivations and challenges of each specialty are very different, taking a unified
view at artificial composite media would probably lead to very fruitful cross-pollination
and radically new developments. For example, metamaterials have been introduced from
the start as artificial media capable of exhibiting electromagnetic behavior not found in
natural substances: this very idea of going radically beyond what nature has to offer
does not seem to have permeated other research fields since composite media other than
metamaterials are mainly developed to improve and/or leverage existing properties.

The goal of this dissertation is to establish a first bridge between different classes of
composite media in nanoscience. To this aim, we will hybridize two well-known classes
of artificial atoms—the unit cells of optical metamaterials and CQDs—and demonstrate
in the last chapter of this dissertation how their synergy leads to novel and enabling
optoelectronic functionalities. We have chosen optical metamaterials and CQDs because
the former are artificial media for light while the latter are artificial atoms for electrons
and holes: both play an important role in tailoring light-matter interactions and therefore
appeared as good candidates for hybridization.

At the beginning of my PhD program, the metamaterial team that I joined at Insti-
tut d’Electronique Fondamentale had an established expertise in the design, fabrication
and characterization of optical metamaterials but had only started to work with CQDs.
Therefore, an important part of my thesis has been to develop the colloidal quantum dot
experience of the group. As a result, I have not directly started to work on hybrid meta-
material /CQD optoelectronic devices and first performed a series of preliminary studies

to understand how to manipulate CQDs and how they evolve over time, how to make
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them interact with metallic nanostructures and how to pump them electrically. These
progresses are described in chapters 2 and 3 of the present manuscript. Although they
were conceived as learning steps, they also lead to new fundamental knowledge as we will
see later.

In the remaining of this chapter, we will present the salient concepts pertaining to
metamaterials and CQD-based optoelectronics. We then further discuss why we have
chosen these two systems in the context of this study and finally present the outline of

this thesis.

1.1 Metamaterials

1.1.1 Definition and historical aspects

The concept of metamaterial has been introduced after David R. Smith realized an ar-
tificial medium exhibiting a negative index of refraction in the GHz regime in 2000-a
property that has never been observed in conventional materials |6]. Before elaborating
on this discovery, it is important to note that the concept of artificial medium in itself
was not new at the time. It can be traced all the way back to 1892 when Sir L. Rayleigh
proposed an arrangement of spherical obstacles that behaved as if they formed a con-
tinuous medium [7]. A few years later, in 1898, Bose demonstrated artificial chirality at
microwave frequencies using an assembly of twisted jute elements |8]. Progresses in arti-
ficial electromagnetic composites have experienced a growth after World War II, with the
introduction of a variety of structures having artificial positive indices [9] L0], negative
permittivities [I1} 12] and even negative permeabilities without using magnetic media
[13]. Most of these ideas were subsequently forgotten until John Pendry relaunched the
whole field at the end of the 1990s with seminal papers on the wire medium with artificial
negative permittivity [14] 15] and the split ring resonator medium with artificial negative
permeability [16].

What makes metamaterials distinct from all the previous artificial electromagnetic
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Figure 1.1: Experimental demonstration and potential applications of metamterials. a)
A photograph of a metamaterial sample comprising square copper split ring resonators
and copper wire strips on a fiber glass circuit board material [I7]. b) The refractive
index versus frequency of the corresponding metamaterials. ¢) Trajectories of rays in an

invisibility cloak [I8]. d) The principle of superlens [19] 20].

media is that they are capable of exhibiting properties that do not necessarily exist in
nature. Such is the case for negative index media which were well understood theoretically
by the time Smith made his discovery. In 1968, the theoretical physicist Victor G. Veselago
realized that such media inverted all the laws of classical electromagnetism, leading to
spectacular and non-intuitive effects. He noted for example that the phase and group
velocities propagate in opposite directions (meaning that the electric field, magnetic field
and wavevector form a left-handed triplet) and that convex and concave lenses had the
opposite behavior of traditional positive index lenses. In addition, he showed that a slab

of negative index substance was able to create an image of an object placed in its vicinity
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[21]. The importance of this latter discovery was not fully assessed and understood until
J. Pendry realized years after that the negative index slab acts as a perfect lens capable of
restoring both the far field but also the near field of an object. Such are some of the few
extraordinary properties of negative index media. However, Veselago noted at the time
that his research was most likely to remain in the realm of theoretical curiosities since the
condition to obtain a negative index medium was to have a material with simultaneous
negative permeability and permitivity, which is something that do not happen in known
natural substances.

The work of D. R. Smith in 2000 radically changed this vision. Following the prescrip-
tions of Veselago, he constructed an artificial medium with an effective negative index
at microwave frequencies by combining the wire medium (producing an effective negative
permittivity) and split ring resonators (producing a negative permeability), which were
both two types of artificial media recently rediscovered by Pendry in 1996 [[4] and 1999
[16]. Soon after, he and others were able to experimentally demonstrate the many non-
intuitive and spectacular properties of such structures, including negative refraction [6]
and perfect lensing [19]. Figure 1.1a shows the picture of a negative index metamaterial
comprising a copper Split-Ring Resonator (SRR) separated from a copper thin line by a
spacer. This design allows one to obtain the negative refractive index at the gigahertz
frequencies as shown in Figure 1.1b. The community soon realized that the metamaterial
approach was a fantastic tool to expand the range of electromagnetic behavior and many
new structures were introduced in addition to negative index composites. Figures 1.1c
and 1.1d show the promising applications of metamaterials in realizing invisible cloaks
and superlensing, respectively. In particular, it is relatively straightforward to fabricate
microwave metamaterials with complex gradients in their permittivity and permeability
tensors. Such possibilities have been exploited, among others, to demonstrate the first
invisibility cloak in 2006 [I8]. Other spectacular achievements allowed by metamaterials
are hyperbolic media which, among others, exhibit a very high local density of photonic

states 22 23], as well as epsilon-near zero [24] 25| and chiral structures [26]. Those
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breakthroughs, and many others have generated a considerable attention, to the point
that metamaterials are now a sub-field of electromagnetism on its own right, with thou-
sands of researchers around the world working in this specialty for both fundamental and
applied purposes.

Most of the breakthroughs briefly discussed in the previous paragraph have been ob-
tained at microwave frequencies. This spectral domain plays a special role for metama-
terials because of the convergence of several fundamental and applied reasons. First, as
in any previous artificial media demonstrated in the past, it is necessary that the inner
structure of the metamaterial be much smaller than the wavelength, otherwise the struc-
ture does not behave as if it were a homogeneous substance. In this respect, the gigahertz
range (1-20 GHz) is close to ideal for experiments: the wavelength is on the order of a
few centimeters at most so the metamaterial unit cells do not need to be smaller than
a few millimeters. Such dimensions are neither too big nor too small and therefore per-
fectly suited for tabletop experiments. Most designs introduced by the community rely
on cheap and fast PCB technology, that is, by defining the metamaterial patterns in Cu-
coated PCBs with a simple UV mask copier. Such elementary and fast technology has
been key to explain the explosive growth of the metamaterial field since highly sophisti-
cated electromagnetic behavior could be obtained with fabrication tools technically and
financially available to everyone. Three other reasons explain why the gigahertz range has
been privileged. First, the most interesting metamaterial responses are typically obtained
with metallic resonators that exhibit very low losses at these frequencies. Second, experi-
mental characterization can be performed with network analyzers that make it possible to
measure both the amplitude and the phase of the electromagnetic wave. Last, there are
many potential applications for metamaterials at these frequencies since it is a privileged
band for a range of telecommunication and radar systems. From the beginning of the
metamaterial adventure, the industry and military have been keen to collaborate with
the academic laboratories to reap the many promises offered by this new generation of

artificial media (super-lensing |27 28], cloaking [29] 18] B0] BI], perfect absorbers [B2] B3]
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and other stealth technology, miniaturized antennas [34] B5].

There has also been a keen interest to extend the metamaterial approach to higher
frequency regimes since many of the concepts initially demonstrated in the gigahertz
range have been gradually adapted to THz, infrared and visible frequencies [B6]. A first
strategy initially pursued in all these regimes was simply to scale down the metamaterial
structure so that it remains commensurate with the smaller wavelengths. It has proven
very successful at THz frequencies, where archetypal metamaterial unit cells (i.e. metallic
wires and split ring resonators) behave in much the same way as their lower frequency
counterparts. However, the scaling law gradually breaks down as one increases the fre-
quency up to the infrared and visible regime, mostly because metals become absorptive
and transition from a conducting behavior (dominated by a large imaginary permittivity)
to a lossy plasmonic behavior (dominated by a large real negative permittivity and signif-
icant absorption losses). Moreover, it becomes increasingly complicated to fabricate the
structures as the frequency increases. In the infrared and visible part of the spectrum,
in particular, the inner structure of metamaterials become sub-micronic, requiring elab-
orating nanofabrication tools. These challenges have pressed the community to come up
with new designs and strategies adapted to these wavelengths as will be detailed in the

following section.

1.1.2 Optical metamaterials

Figure 1.2a summarizes the progress in bringing the operating frequency of metamaterials
to the visible spectrum for frequently investigated structures. In this figure, the operating
frequencies of metamaterials with negative magnetic permeability p (empty triangle) and
negative index of refraction n (solid triangle) are shown on a logarithmic scale from
microwave to visible wavelengths. Colors at the bottom of each image inset are the same
color code as used for the triangle [36].

While fabricating 3D metamaterials is straightforward in the gigahertz range, the

opposite is true for optical metamaterials due to the submicronic size of their inner con-
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Figure 1.2: The progress in fabrication of metamaterials. a) The progress summary
of operating frequency of 2D metamterials [86]. b) SEM of 3D fishnet metamterials
containing 21 vertical layers exhibiting a negative refractive index n = -1.23 at 1775 nm
[37]. ¢) SEM image of 3D optical metamaterials consist of four-layer SRR structure [38].
stituents. Conventional nanofabrication techniques such as focused-ion beam (FIB) and
stacked electron beam lithography (EBL) have been privileged in early demonstrations
[37, 38]. Figure 1.2b and 1.2¢ illustrates some examples of accomplished 3D metamateri-
als, i.e. cascaded fishnet structures [37] and stacked split ring resonators [B8] that were
fabricated by FIB and EBL, respectively. However, these techniques are often applied for
small scale fabrication. To fabricate structures on a larger scale, it is necessary to con-
sider other methods such as laser interference lithography [42] or nanotransfer printing

[43]. Other useful approaches for fabricating 3D optical metamaterials include direct laser

printing [44] (which is especially suited for fabricating chiral structures, although the min-
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Figure 1.3: Two-dimensional optical metamaterials are used in a number of configura-
tions. a) SEM image of a fabricated plasmonic metasurface that creates an optical vortex.
b) measured spiral pattern created by the plasmonic metasurface [B9]. c¢) Image of Ag
nanoparticle array laser and its emission spectra with different pump pulsed powers |40].
d) A metasurface in with each meta-atoms is carefully placed and oriented to generate
holograms. [41].
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imum feature size is limited by the wavelength used for writing) as well as self-assembled
techniques, for example by using block copolymers and metal electrodeposition [d5].
Although significant achievements have been made for 3D optical metamaterials, their
potential applications are hindered by several factors. This can be mostly ascribed to the
persistent reliance on resonant metallic unit cells to produce interesting behaviors because
metals are very absorptive at optical wavelengths. In addition, the fabrication of 3D
optical metamaterials still faces many physical and technological challenges as explained
above, and no one has ever demonstrated active structures driven by electricity—a much
needed step towards practical applications. However, some of these problems can be
alleviated by working with a single layer of optical metamaterial. Figure 1.3 shows a few
examples of using a planar metallic surface for realizing a useful functionality. Figure
1.3a displays a metasurface comprised of metallic nanostructures placed deliberately in
a certain order to show an effect of optical vortex, as illustrated in Figure 1.3b [B9].
Figure 1.3c shows an image (inset) of Ag nanoparticle array laser. The lasing comes from
the coupling of the diffractive plasmonic mode of the particle array and the Rhodamine
6G dyes and arises rapidly as the pumping power is increased [46]. Figure 1.3d shows
a metasurface structure comprising carefully placed and oriented nanorods acting as a
hologram plate to reconstruct a 3D image. Each metallic element of the metasurface,
acting as a pixel, is encoded with computer generated hologram (CGH) to generate the
desired continuous local phase profile under illustration of a circularly polarized (CP)
light. By collecting only the transmitted handedness CP light in the Fresnel range, 3D
image of the object can be reconstructed only with a single engineered metasurface [41].
Beside these examples, metasurfaces provide opportunities to modify the spontaneous
emission of quantum emitters [47] 48] because each elements of the metasurface can be

considered as an optical antenna.
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1.1.3 Optical antennas

Optical antennas, analogues of microwave and radiowave antennas, are devices that pro-
vide an interface between freely propagating optical signals and confined photonic and/or
electronic states. Most optical antennas are either dielectric or metallic resonators that
localize energy in a certain region of space. Metallic antennas, in particular, have been
the object of a keen interest because their resonances are highly confined modes that
result from the coupling between the electromagnetic field and the free electrons of the
metal [49] 50]. These so-called localized plasmonic resonances (LSP) can be sustained by
virtually any type of metallic particles, including those of nanoscale dimensions, and are
accompanied by very high local field enhancements in their immediate vicinity [51]. The
excitation of a LSP considerably increases the local density of photonic states, providing
additional radiative decay channels for quantum emitters placed in its proximity. As a
result, the emitter can emit more photons than in the absence of the antenna. More-
over, these photons are not directly emitted in free space: rather, they are converted into
LSPs that are eventually radiated back by the antenna so that the characteristics of the
light emission are primarily those of the antenna rather than those of the emitter. The
efficiency of this process depends on the losses of the system: all emitters are partially
subject to non-radiative decays that generate phonons rather than photons. The presence
of an optical antenna can substantially change the competition between these losses and
the radiative decay rate, producing boosts in light emission than can even exceed 1000
for certain configurations |52} 53]. However, it should be reminded that this enhancement
is also counterbalanced by the fact that a certain fraction of the energy carried by the
LSPs is converted into heat rather than being re-emitted away from the antenna. For
this reason, it is generally assumed that plasmonic antennas are all the more efficient
than the emitter emits poorly in the first place. In the limit of a perfect emitter, free of
non-radiative decay, the presence of a plasmonic antenna can only degrade the emission
due to the introduction of losses in the system (note, however that we will challenge this

affirmation in the case of an ensemble of colloidal quantum dots in chapter 2).
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The mechanism described in the previous paragraph is a special case of a more general
phenomenon discovered by Purcell in 1946 [54]. Before his discovery, it was believed
that the ratio between non-radiative and radiative decays was an intrinsic property of
an emitter. Purcell was the first researcher to realize that it was not the case and that
the emission characteristics were directly influenced by the environment. The competition
between losses and radiative processes is usually characterized with the so-called quantum
yield n; =TS, /T, ., where I'S . is the radiative decay rate and I'}, . is the total decay rate,
namely '} = T%. 4 + I aq- The quantum yield of an emitter in vacuum is known as
the intrinsic quantum yield and the quantum yield of the same emitter in the presence of
a inhomogeneous environment such as an optical antenna is called the modified quantum
yield. The Purcell factor is defined as the ratio between the total decay rates in the
presence and absence of the antenna. In the most simplest form, it is expressed as f =
3QN3[4m2V | where \ is the wavelength associated with the transition, @ is the quality
factor of the resonator and V is its volume. In essence, this formula predicts that the
Purcell effect will be maximized if the @ factor is high and/or if the volume of the antenna
is small. In the case of a plasmonic resonator, the Q factor is very small, on the order
of 2 [55] (as opposed to ~ 10¢ for the best dielectric cavities [56]). However, f can still
be very high because the volume V' of a plasmonic antenna is much smaller than the
volume of a dielectric cavity. We note in passing that the definition of the volume V
is somewhat problematic for a plasmonic resonator because the latter is an open cavity,
with the field extending outside the metal boundaries. For this reason, there has been
attempts at proposing a more rigorous definition of the Purcell factor in the case of
plasmonic antennas |55} b7].

As a corollary of the Purcell effect, it is possible to design antennas that shape and/or
polarize the light emission. This property arises because we have seen that light is not
directly emitted from the source but from the LSPs sustained by the antenna. By ex-

ploiting plasmonic modes having well-defined radiation patterns, it is possible to radically

alter the dipolar pattern typical of a point-source emitter, as was demonstrated with fluo-
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rophores coupled with Yagi Uda antennas [58], split ring resonators [48], rings [59], Bull’s
eye antennas 60, 61] 62].

Last, optical antennas can also be used as a mean to boost the excitation of emitters
pumped optically. In this operation regime, the plasmonic resonance is adjusted to the
pumping wavelength. Because the excited LSP concentrates the incoming field, the local
electromagnetic intensity at the location of the emitter is significantly enhanced compared
with a pumping in free space. This mechanism is very efficient and most of the records
in terms of spontaneous emission enhancements have been obtained in configurations in
which optical antennas were primarily used as a mean to boost the pumping intensity.
In the most general case, optical antennas can be designed for dual operation, i.e. for
boosting the pumping intensity and for enhancing the emission through the Purcell effect
[50].

The literature on plasmonic optical antennas can be dated from the late 1970s-early
1990s with experimental studies on the spontaneous emission of molecules above islandized
metal films [63]. All the salient effects described above were already discussed at this time,
at least in a qualitative way. There has been a renaissance of the field in the second half
of the 1990s thanks to the advent of modern nanofabrication and nano-characterization
tools. It has suddenly become possible to investigate single antennas or antenna arrays
with well controlled shape and size, which constitutes a tremendous advance compared
to the islandized metal films studied in the past that were obtained by arbitrary and ill-
controlled nucleation in evaporation chambers. Two strategies were successfully applied
to investigate the interaction between antennas and emitters: one approach consisted in
fixing a nanosize antenna at the tip of an AFM probe and study the interaction between
this resonator and a surface with adsorbed fluorophores [64]. The second approach was
relying on fabricating well-defined samples by mean of electron beam lithography [65] 66].
In these samples, the fluorophores were either randomly distributed around the antennas
or placed in well-defined positions by embedding them in a patterned resist. Throughout

the years 2000s, both strategies led to major results both in terms of light enhancement,
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beam shaping and advances in the fundamental understanding of light manipulation at
the nanoscale and new developments are still regularly published these days |67]. It is
worth noting for example that there has been very recent reports on optical antennas
acting as a direct interface between light and electricity without mediating the exchange
through a fluorophore [G8] 69].

In this context, it is little wonder that the field of plasmonic antennas has crossed
the path of optical metamaterials: as explained earlier, most optical metamaterials and
metasurfaces operate with subwavelength metallic inclusions which, when they become
resonant, sustain LSPs that can be used for tailoring the spontaneous emission of point-
like sources. For this reason, there have been studies in the literature in which the emission
of fluorophores has been enhanced with plasmonic metamaterials [48] 70]. However, there
is an ambiguity in these studies because the Purcell effect that they exploit is intrinsically
a near-field phenomenon, as explained above. In this regime, the metamaterial structure
does not behave as an effective homogeneous medium for the fluorophores: it is indeed
the individual LSPs on each metallic inclusion that are responsible for the enhancement
rather than a hypothetical effective response of the whole structure. In other words, a
given structure can be a genuine metamaterial that behaves as an effective homogeneous
medium in a certain context (e.g. when it interacts with a plane wave) and as a highly
inhomogeneous structure in other contexts (e.g. for the Purcell effect). For a plane
wave, a genuine metamaterial behavior arises when the period and size of the metallic
inclusions are very small compared to the free space wavelength. In the reciprocal space,
it is equivalent to say that the first Brillouin zone of the structure must be very large with
respect to the free space wavevector. Clearly, such condition is typically not satisfied when
a metamaterial is used for enhancing the spontaneous emission of fluorophores because
it relies on near-field effects that include wavevectors that are much larger than the free
space wavevector. To the best of our knowledge, this ambiguity is never discussed in the
literature: the term metamaterial (or metasurface) is often used with the same meaning

as plasmonic antenna array while in the strictest sense the two expressions do not denote
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the same thing. A plasmonic antenna array can act as a metamaterial (or a metasurface)
when homogenization conditions are met but this is usually not the case when it is used
to enhance the spontaneous emission of fluorophores. In this dissertation, we will take a
special care to avoid the confusion: in chapter 2, for example, we will study the interaction
of colloidal quantum dots with nanoparticle arrays outside the homogenization regime so
we will not call these structures metamaterials. In chapter 4, we will explain why the

same structures used in a different context can be considered as genuine metamaterials.

1.2 Quantum dots

The second artificial medium that I have studied during my thesis is colloidal quan-
tum dots. Quantum dots (QDs) are defined as a semiconductor nanocrystals with all
the dimensions comparable with or smaller than the exciton radius of its respectively
macroscopic semiconductor. One of the most remarkable properties of QDs is their size-
dependent optical properties discovered independently in the early years of 1980s by
Ekimov et al, Henglein, and Brus [71] [72] [73]. In these studies, they found that the color

of nanocrystals strongly correlates with their size.

1.2.1 Quantum Confinement Effect

The size of QDs is generally in a range of 2-10 nm in diameter, corresponding to a few
hundreds to a few thousands of atoms. The size dependence of their optical properties
originate from quantum confinement effect which causes a discreteness of the energy
levels for the carriers in the QDs. In a ideal spherical nanocrystal surrounded by a
infinite potential barrier, the energy levels of electron and hole, characterized by angular
momentum quantum number [, can be obtained by solving the Schrodinger equation of

the carrier in a three-dimensional box [74]:
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where ¢, ,is the n'® root of the spherical Bassel function of the order I, j;(¢1n) =0, me is
the electron and hole effective mass, respectively, and a is the radius of the nanocrystal.
Although Equation 1.1 indicates that the allowed energy levels of quantum dots become
quantitized as the size of the dots reaches nanoscale dimensions, adding or subtracting a
single atom to the quantum dots is unlikely to change these energy levels. Consequently,
quantum dots are regarded as artificial atoms, a class of intermediate materials between
bulk semiconductor and atoms since they own the characteristics of a small crystal and

those of a large ensemble of atoms as illustrated Figure 1.4 [75].
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Figure 1.4: QDs with a small number of atoms show discrete energy levels. As the number
of coupled atoms increase, energy levels become more densely packed, eventually forming
bands in macroscopic crystals. Reproduced from Ref |75].

The energy between the lowest electron and hole levels increases with decreasing
nanocrystal size leading to an increased total energy of band edge optical transitions.
For example, figure 1.5 shows that the bandgap of PbS quantum dots is increased by
1.4 eV as the dot dimensions diminishes from 10 nm to 2 nm. However, the quantum
confinement effect is not the only factor that determines the optical properties of the
nanocrystals. When electrons and holes are generated in the nanocrystals, the optical
properties of the nanocrystal will also depend on the Coulomb interactions since the car-

riers exist within the same volume. While quantization energy varies as a function of 1/a?,
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the Coulomb energy is only proportional to 1/a; hence, the impact of Coulomb interaction
on the optical properties is relatively small to small nanocrystals and becomes bigger for
large nanocrystals. Theoretical analysis shows that the optical properties of nanocrystals
depend on the ratio between a and ag, in which a is the radius of the nanocrystal, and ap
is the Bohr radius of the exciton defined as apg = h%k/ue? with k is the dielectric constant
of the semiconductor and p is the reduced mass of the exciton. For the PbS quantum
dots that will be used throughout this thesis, the exciton Bohr radius is 20 nm. This
value is much larger than the typical radius of PbS quantum dots (2-4 nm), hence they

are categorized in strong confinement regime [76].
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Figure 1.5: Relation between the PbS quantum dot bandgap and the particle size. The
experimental data (e), tight-binding calculations (&), and compared with literature works
([7] (O), [78] (), [79] (2)). The blue line is a fitted sizing curve and the dotted line
denotes the bulk PbS bandgap, E,(bulk) = 0.41 eV. Reproduced from Ref [0].

In a strong confinement regime, when a < apg, the optical properties of nanocrystals
are primarily determined by the quantum confinement effect with a minor perturbation
from the Coulomb interaction. In this case, the selection rules governing the interband

transitions between lowest electron and holes levels requires the same quantum numbers
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to be transitionable between levels. Hence, the absorption spectra are given by|4]:
02
hw, = E, + E,h(a) + E5(a) - 1.8— (1.2)
Ka

where Ej is the energy bandgap of the bulk semiconductor, E¢ and E! are the electron
and hole energy level, respectively. The Coulomb correction is calculated in first order
perturbation theory since in this regime it has a modest contribution factor on the energy

bandgap expansion.

Abdorbance (arb. units)
—
|
I

(syun "que) Aysusjul 8ousosauILINO}oyd

600 1000 1400 1800 900 1100 1300 1500

Wavelength (nm)

Figure 1.6: Room-temperature optical characterization of PbS QDs in toluene solution.
a) Absorption spectra spanning the range of tunable sizes. b) Band-edge absorption and
photoluminescence peak for a sample of average ~ 6.5 nm in diameter. Taken from Ref

[81].

Equations 1.1 and 1.2 have showed that the bandgap of colloidal quantum dots is
dependent of the size of the dots. Figure 1.6 illustrates the size dependence of optical
properties of nanocrystals. In this figure, the absorption peak shifts to lower energy as
the size of the dots increases. One can also note that the photoluminescence (PL) spectra
are red-shifted with respect to the first absorption peak, a phenomenon called Stockes

shift that is ascribed to the energy difference between the first bright exciton and dark
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exciton [74].

It has been shown that the PL spectral peak of nanocrystal ensembles is determined
by the main size of the whole quantum dots solution, yet its spectral breadth is not
always dictated as the combination of the sample inhomogeneity and spectral linewidths
of the single nanoparticles. Recent work has proved that while the linewidth of each single
nanocrystal of different materials are nearly identical (50-60 meV), the inhomogeneously
broadened PL linewidth of the nanocrystal ensembles varies from material to material
[82, 83].

The chemical composition of QDs is also the critical factor determining their radiative
lifetime. For example, the radiative lifetime of CdSe quatum dots 7 »~ 20 ns [84], whereas
fluorescence lifetime of PbS is two orders of magnitude longer 7 ~ 1us [85]. There are
several interesting phenomena associated with optical properties of colloidal quantum
dots such as photoluminescence intermittency (blinking) [84] 8B6] B7], but it will not be

discussed in this thesis.

1.2.2 Growths of quantum dots

QDs can be formed by a variety of techniques and from different materials. Growing
QDs inside glass matrices is one possible way [88] 89]. This method relies on diffusion of
semiconductor ions during annealing process where the ions with opposite signs combine
and form a nucleus that continues to grow in size as a function of annealing duration.
An acceptable monodisperse size distribution can be achieved via this method, yet large
energy consumption and slow growing pace are the main drawbacks of this technique.
Another method to grow (QDs has been the object of many studies, that is, molecular
beam epitaxy (MBE) [90} 91} O2]. The principle of this technique is based on exploiting
self-organization and island-like growth within the first deposited monolayers. In ultrahigh
vacuum systems, atoms from ultrapure substances impinge upon the substrate, diffuse
across the surface, form a cluster with other atoms which gradually coalesce and develop

towards two-dimensional monolayers. These monolayers are called wetting layers. Further
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layers of atoms are added on the wetting layer that becomes increasingly strained (due to
the lattice mismatch) to the point that they break apart and form islands, or quantum
dots in our case. These quantum dots have typically a pyramid-like shape with the height
of the dots being less than 10 nm but the base of the dots is generally longer than their
height. Although MBE is suited for studies requiring in situ characterizations, it owns a
number of drawbacks such as the need for appropriate substrates, high fabrication costs,

broad size distribution, and low surface densities.
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Figure 1.7: Photoluminescence emission color depends on the size of QDs. a) TEM image
of PbS quantum dots suspension with a mean size equals to 5.7 nm [80]. b) TEM image
of PbSe-PbS core-shell quantum dots produced in large scale synthesis with mean size
distribution smaller 10% [93]. ¢) Normalized photoluminescence of different quantum
dots compounds emitting from UV to NIR. Each QD compound can tune emission in
a certain range of wavelengths, inset is the picture of different colors of the solution
corresponding to different size CdSe solutions under UV light [94].

Most of these limitations can be overcome by employing solution phase chemical meth-

ods [95] 96| 97]. Colloidal Quantum Dots (CQDs) synthesized by chemical reactions have
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become a common practice for making quantum dots thanks to their ease of manipu-
lation and wide range of applications. The chemicals used for synthesis are typically
organometallic precursors and their reactions take place in solution. As a result, the pre-
pared quantum dots can be suspended in either polar or nonpolar solutions depending
upon the preparation procedures. A good advantage of CQDs prepared by this technique
is that their shape and size can be controlled easily and, in general, the dots appear in a
nearly spherical shape, as shown in Figure 1.7a and 1.7b. Compared to the above men-
tioned techniques, dots by chemical synthesis are characterized by better monodisperse
size distribution, faster and low-cost preparation, and especially they are compatible for
a wide range of research and applications. On the other hand, CQDs are surrounded by
organic ligands that contribute to complicate the physics of these objects. In particular,
they contribute to complex surface states that are responsible for unwanted effects such

as non-radiative exciton recombination by e.g. Auger effects.

1.2.3 Applications of colloidal quantum dots

Although many researches are conducted for fundamental studies, a belief in potential
for many applications drives CQDs research beyond chemistry societies. CQDs can be
blended in a number of materials and live tissues and also self-arrange into solid granular
films, offering a range of applications from biology to solar cells.

In biology, CQDs can compete with more conventional fluorophores for imaging pur-
poses [98] 99, 100] due to their superior brightness [101] in the two bio-windows regimes
[102](the first window: 650 nm to 900 nm and the second window: 1000 nm to 1350
nm) where the tissues scatter and absorb light the least. Although CQDs are usually
made of toxic materials, they are embedded in a protective shell that makes them com-
patible to living tissues. CQDs are also increasingly investigated in engineering sciences:
for example, they are used to harvest small amounts of energy in thermoelectric devices
[93] and to improve the electrochemical properties of electrodes for rechargeable batteries

[103, (104}, [103].
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But one of the most interesting features of CQDs is the fact that they can form
compact granular semiconducting films by simple coating techniques. In fact, most CQD
films studied so far were obtained by spin-coating a liquid solution of CQDs on a variety
of substrates. Such composite films can advantageously replace bulk semiconductors as
they do not require expensive processing steps such as MBE. In addition, they offer an
unprecedented flexibility of design because their semiconducting properties do not only
depend on their chemical composition, but also on their shape, size and local arrangement.
In other words, the geometry plays an important role in their properties, in a similar
way as what we have seen for optical metamaterials. Among the advantages offered by
CQD films is the possibility of forming complex heterojunctions of various bandgaps by
superimposing several layers of CQDs with different diameters. Also, it is easy to fabricate
CQD films with bandgaps adjusted for near-infrared applications whereas conventional
optoelectronic devices are typically very expensive in this frequency range (e.g. InGaAs
or MCT detectors).

Over the past 15 years, CQD-based electronics and optoelectronics have gained a
considerable popularity. CQD films are being investigated in the context of light emit-
ting diodes (QDLEDs), solar cells, photodiodes and photodetectors. Quantum dot light-
emitting-diodes (QDLEDs) are showing high efficiency with superior color quality |L06]
107]. High-quality QDLEDs have in turn opened a new generation of display devices with
large-size flexible panels, longer lifetime, and low-power consumption [L08] [09]. Pho-
todectors based on CQDs show outstanding sensitivity and resolution [I10] T11] I12].
CQD films with infrared bandgaps are capable of matching most of the sun’s spectrum
reaching Earth with high absorption efficiency [I13]. The first solar cells based on CQD
films demonstrated in 2005 [I14], reached efficicency 5% in 2009 [I15], and rising to 9.9
% in 2015 [116]. Most of these breakthroughs have not yet reached the consumer market
but it is worth noting that high-tech giants such as Samsung, Sony and Siemens are active
players in this international competition, highlighting the huge potential of CQD films.

Despite these advantages, CQD films also suffer from limitations on their own. CQDs
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are surrounded by insulating organic ligands that are good for avoiding aggregation and
making them solution processable. However, in CQD films, ligands create insulating
interstices amid CQDs that result in a poor electrical conductivity. This is one of the
major causes limiting the performance of CQD-based devices. Researchers can reduce the
distance between the dots to enhance the charge transport by performing ligand exchange
in solution or post-deposition. However, recent studies have shown that ligand exchange
modifies the energy levels of the quantum dot film [117], therefore it might be difficult to
apply a universal technology protocol to fabricate all the desired devices. In other words,
each film of quantum dots with a certain ligand type requires a specific architecture to

maximize the performance of the devices.

1.3 Two artificial media with common and complemen-
tary properties

Both optical metamaterials and CQD films have this in common that their properties
are not solely defined by their chemical composition, but also by the size, shape and
arrangement of their inner constituents, offering enormous advantages to design complex
structures (Figure 1.8). On the other hand, they are both afflicted by severe limitations
that prevent them from fulfilling the largest part of their promises.

A first motivation to combine these two objects comes from the realization that the
drawbacks of CQD films may be minimized with optical metamaterials and vice-versa.
Because optical metamaterials made of metallic inclusions are very good at concentrating
light fields, they may solve some of the limitations of CQD-based devices related to the
production or detection of light. Inversely, CQD-films are active media that may, if not
suppress the ohmic losses of metallic metamaterials, provide tunable and/or electrically-
driven functionalities that would bring these structures a step closer to practical applica-
tions.

But perhaps the main reason as to why we chose to study metamaterial /CQD hybrids
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is that metamaterials and CQDs are each excellent model systems of artificial matter: the
former are effective atoms for light, the latter are effective atoms for electrons, both offer
new opportunities to tailor light-matter interactions, so they appear as natural candidates

to generalize the concept of artificial media in optoelectronics.
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Figure 1.8: Concept similarity between the two artificial media. (Left) The functions
of metamaterials determined by the size of inner geometry. White scale bar: 500 nm.
(Right) The luminescence color of QDLED is determined by size of quantum dots [I18].

1.4 Overview of the next chapters

The ultimate goal of this dissertation is to show the synergy of hybridizing different classes
of artificial matter in optoelectronics. To this end, we will focus on LED architectures
and demonstrate a new form of artificial electroluminescence. Before reaching this goal,
it has been important to learn how to work with CQDs (the expertise of the team on this
subject was limited at the beginning of my thesis), understand how these objects interact
with metallic nanostructures and how to pump them electrically. These intermediary
steps are explained in chapters 2 and 3.

In chapter 2, I will study the interactions between plasmonic nanoparticle arrays and

colloidal quantum dots embedded in a dielectric host matrix. To gain insight, we have
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performed photoluminescence experiments in which we have varied all the relevant pa-
rameters, including the distance between the CQDs and the plasmonic nanoparticles, the
optical excitation power and the temperature of the system. We will show that our ex-
perimental results challenge the predictions of the two-level model that is usually invoked
to understand such systems and present a new theoretical framework developed by Prof.
Jean-Jacques Greffet to account for our findings.

The third chapter focuses on the fabrication of CQD films and near-infrared light
emitting diodes (QDLEDs) operating with PbS CQD films. Contrarily to most QDLEDs
developed in the literature that produces light through a transparent substrate, we propose
an architecture that emits through the top of the structure in order to have a system
compatible with our experimental setup and the final goals of our thesis.

In the fourth chapter, we will finally introduce a new type of QDLEDs in which a
hybrid CQD-metamaterial layer plays the role of the active media. This hybrid layer is
obtained by combining the nanoparticle arrays studied in chapter 2 with the CQD films
used in chapter 3. We will explain why, in this case, the ensemble acts as an active
metasurface that can be tailored at will to emit complex light patterns. We will also show
that the coupling with the metallic nanostructures significantly improves the optical as
well as electrical properties of the CQDs, to the point that we have been able to set a
new world-record low threshold voltage for QDLEDs operating with PbS quantum dots.

Finally, chapter 5 will summarize the key results of this thesis and discuss outlooks

and future directions that can be beneficial from this study.



Chapter 2

PbS CQDs coupled with metallic

inclusions

To accomplish the goal of this thesis demonstrating a hybrid device bringing the gap
between optical metamaterials and CQD films, we have divided our work into smaller
aims. The fabrication and characterization of optical metamaterials was mastered in our
group before I arrived, but the expertise of manipulating and understanding CQDs was
limited. Our first aim was therefore to learn how to work with CQDs and how to control
their emission with arrays of metallic inclusions. This task is the central discussion in this
chapter. Figure 2.1 illustrates the side view of the full sample that will be used to study
the interactions between the plasmonic nanoantennas and CQDs. The sample consists
of arrays of nanorings fabricated on glass substrate, a layer of SiO4 acting as a spacer, a
layer of PbS CQDs doped hydrogen silsesquioxane (HSQ), and finally a pure HSQ layer
on top. This figure is presented only for the introducing purpose of the system that will
be the core discussion in this chapter, details on how the layers are made will be presented
later when they are needed. Although similar systems have been studied [A7] 48], here
we thoroughly investigate the interactions between CQDs and plasmonic nanoantennas
with respect to a number of conditions from the distance between the nanoantennas and

CQDs, the optical excitation power, the influence of temperature on the interaction, and

26
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the stability of the interaction over the time.
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Figure 2.1: Schematic of the full sample used to investigate the coupling between plas-
monic nanoantennas and quantum dots. A thorough study will be conducted as a function
of several parameters: distance between the nanoring arrays and layer doped with quan-
tum dots, excitation power to the system, temperature, and time.

This chapter starts with a study of the essential photoluminescence characteristics of
PbS CQDs as they are embedded in a dielectric host matrix. Physical properties of plas-
monic nanoantennas are also presented before they are coupled in a single sample. We
then introduce the mainstream theoretical model used in the literature to describe the
coupling between plasmonic nanoantennas and CQDs and show with a series of experi-

ments that this model is not adapted to our system. Finally, the last part of this chapter

presents a new theoretical framework to qualitatively account for the new findings.

2.1 Experimental setup for micro-PL measurement

The study in this chapter is conducted mainly through PL measurements regardless of the
parameters varied. Figure 2.2 sketches the micro-PL setup used throughout this chapter
to collect the PL signal. The laser source utilized for the measurement is He-Ne laser
(Melles Griot) emitting a continuous (CW) red laser light at 632.8 nm with a maximal
power of 3 mW. The wavelength of the laser light provides a suitable energy not only
for high non-resonant absorption of CQDs but also for avoiding the Auger ionization

and multi-exciton generation [119] - the two mechanisms that degrade the PL quantum
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Figure 2.2: Schematic of micro-Photoluminescence measurement. This setup allows to
focus the laser beam in transmission mode (5X objective used) and in reflection mode
(40X objective used). A dichroic mirror is placed just behind the 40X objective to select
the infrared signal of the sample and direct it toward the detector. In addition, this setup
allows to vary the temperature of the sample with He liquid flow.

yield of CQDs. This setup is built to record signal in both transmission and reflection
modes. In transmission mode, the light is focused through the glass substrate with 5X
objective and collected by a higher numerical aperture objective (40X, Nachet, N.A. =
0.6), whereas in reflection mode the light is focused and collected from the surface of the
sample by only one objective (40X). Regardless of the measurement mode, the infrared
signal from the sample is collected by a 40X objective; hence, the spectral features do not
change as one switch back and forth from transmission and reflection collection modes.
The IR photoluminescence signal from the sample is separated from visible laser light
with a dichroic mirror and directed towards a monochromator (Jobin Yvon iHR320) and
an InGaAs detector (Jobin-Yvon Symphony IT). Samples are attached to a movable stage
so as to mechanically transit it in three directions, x, y and z. In the case of temperature-
dependent measurements, the sample is inserted inside a Helium flow cryostat (Oxford

Instrument MicrostatHires2) attached to a translation stage so that the laser beam can

shine in any spot onto the sample. It is noted that because the sample is mounted in a



CHAPTER 2. PBS CQDS COUPLED WITH METALLIC INCLUSIONS 29

cryostat for varying the temperature, it is only possible to perform the recording in the

reflection mode.

2.2 PbS CQDs in a homogeneous medium

As mentioned in the previous paragraph, it is crucial to understand basic characteristics of
CQDs before we study their interactions with the plasmonic nanoantennas. This section
presents PL properties of CQDs embedded in a host matrix response under different con-
ditions to which they have to be exposed frequently. It includes monitoring the evolution
of the PL properties of CQDs over the time, with different pumping powers and different
temperatures.

The quantum emitters used through the study are PbS CQDs purchased from com-
mercial company Evidot Technologies. They are suspended in Toluene solution at concen-
tration 30 mg/ml. The diameter of the dots is 5 nm on average and they are surrounded
by 2 nm long of ligands.

The commercial batch of PbS CQDs is diluted in toluene until it reaches a 5 mg/ml
concentration. The PbS QDs in glass matrix are prepared by mixing PbS QDs at 5mg/ml
with a hydrogen silsesquioxane (HSQ) based resist (XR1541 electron-beam resist, Dow
Corning) and methyl isobutyl ketone (MIBK, MicroChem). The final solution of PbS QDs
(1 mg/ml) is then spincoated on a glass substrate and baked at 150°C for a few minutes to
achieve a 100 nm thick layer. A layer of SiO sol-gel (190 nm) was added by spincoating
the pure XR1541 resist and a soft bake at 150°C on top of the CQDs doped matrix so
that PbS QDs experience a symmetric environment with the refractive of index is nearly
identical, as illustrated in Figure 2.3a. It is noted that at this stage, it is not highly
necessary to add a thick layer of pure SiO5 sol-gel because we still measure a significant
signal without the presence of this layer [120]. However, this thick top layer of SiO 5 sol-gel
will play a critical role when the dots are coupled with the nanorings structures, as will

be discussed in more details in Section 2.4.
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2.2.1 Photoluminescence of PbS CQDs a host matrix

The first characterization of CQDs embedded in a glass matrix is the measurement of
the evolution of their PL characteristics. The sample as illustrated in Figure 2.3a will be

stored in air and measured over time.
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Figure 2.3: A cartoon of PbS QDs buried in SiOy environment (a) and their photolumi-
nescence change over more than one month that was routinely recorded (b). PL of PbS
in matrix measured at the day of preparation (black), after 3 days (red), after 2 weeks
(blue), and after one month and a week (dark green). The sample is pumped with the
same power in all these measurements.

Figure 2.3b shows the PL of the PbS QDs in SiO5 host matrix at different time inter-
vals. In all these measurements, taken over several days, the dots are illuminated with the
same intensity and the intensity here is relatively weak to avoid any unwanted deteriora-
tion happening to the dots. One can see that the PL of PbS dots changed dramatically
over time. It is remarked that the PL spectral peak shifted to shorter wavelength, PL
intensity increased, and its Full Width at Half Maximum (FWHM) slightly broadened
with time. In particular, within two weeks stored in air, the PL peak shifted nearly 120
nm to the blue, the luminescence intensity increased approximately two-folds, and the

FWHM expanded 10 nm.
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These observations are consistent with other works [121] 122] 123] on CQDs embedded
in dielectric matrices. The evolution of the PL spectra results from the oxidization process
of the dots. The cross-linking of HSQ was performed in ambient environment (oxygen) at
150°C, hence it was very likely that oxygen was able to penetrate inside the host matrix.
The penetration of oxygen oxidized the surface states and the outermost layers of the
dots. As a result, the average size distribution reduced, resulting in a blue-shift of the PL
of the dots due to larger quantum confinement in smaller dots.

The oxidization of the outerlayer of the dots had also another impact on the passivation
the dots. Because an oxide layer was formed around the dots, the number of trap states
and /or surface states decreased. Consequently, luminescence intensity of the dot assembly
increased—a phenomenon known as photoactivation.

Lastly, the larger width of PL can be attributed to the inhomogeneous oxidization of
the outer shell of dots. It is apparent that PL line width reflects the size distribution
of the assembly of quantum dots. When the oxidization of the outer shell occurred, the
process was not at the same level to all the dots, i.e. some might have a thinner layer
of oxide and some might have a thicker oxide layer, leading to a broader range of dots
size distribution. Therefore, the increased PL width was original from the larger size

distribution of the quantum dots due to the oxidization process over the time.

2.2.2 Photoluminescence of PbS CQDs as a function of pumping

power

Another important parameter that dictates the behavior of the dots alone or coupled with
other objects is the excitation power of the laser light [124] 125]. As is well documented,
the spontaneous emission varies linearly with the pump power for low pumping intensity
and then saturates when the pumping excitation rate starts to exceed the decay rates of
the emitters.

Figure 2.4a shows the PL intensity as a function of the pumping power density. The



CHAPTER 2. PBS CQDS COUPLED WITH METALLIC INCLUSIONS 32

20
a) — 125 W/em? b) —=— \=1240 nm
——200 W/cm? 161 —e— A =1300 nm
=) 16-—315W/cmz =
8 ——500 W/cm ) 8
= —— 1000 W/cm - 121
= 124 —— 2000 Wicm? =
g ——5010 W/cm? g
o —— 10000 W/cm? Q 84
o 8 o S 16
1) %) 3
5 5 5,
3 4] s H :
< £ o 4
o o £,
0 0 i 200 400 600 800 1000
1000 1100 1200 1300 1400 1500 0 2000 4000 6000 8000 10000
Wavelength (nm) Pumping power density (W/cm2)

Figure 2.4: PL of PbS QDs as a function of pumping power. (a) PL spectra intensity of
PbS in host matrix as the pumping power density is varied from 0.125 MW /cm? to 10
MW /cm? on the same day of measurement. (b) The saturation curve of QDs at PL peak
position A = 1300 nm (red line) , and at the blue side of the PL curve A = 1240 nm (black
line). The straight blue line is a guide to the eye of linear regime. A better look into
the linear response of the PL as a function of power density can be found in the inset.
Because the thresholds are the same for both wavelengths, only one line is plotted for the
sake of clarity.

measured maximum power of 3 mW from the He-Ne laser and focusing the laser beam by
40X (NA = 0.6) provides us the maximum power density at 10 MW /cm?2. In this set of
experiments, we modulate this intensity with a set of neutral density filters. It is shown in
Figure 2.3a that the PL intensity of QDs increased while the excitation density was tuned
from 0.125 MW /cm? up to 10 MW /cm?. This power dependence of the luminescence can
be quantitatively displayed in Figure 2.4b. In this figure, the number of counted photons
(integration time: 10 seconds) as a function of pumping power density was plotted for
two different wavelengths: one, in red, is selected at the peak of QD emission (A = 1300
nm) whereas the other, in black, is a wavelength on one side of the QD emission curves
(A = 1240 nm). The straight blue line is a guide for the eyes to show the linear regime
of luminescence. We only plot one blue line for the sake of clarity because this linear
behavior of QD emission as a function of power is the the same for two investigated

wavelengths.

The inset graph in Figure 2.3b is a zoom-in view of PL intensity as a function of
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the power density (0 - 1 MW /cm?). It is clear that the QD PL behaves linearly with
excitation density until 200 W/cm?. The PL intensity of PbS QDs deviates from the
linear regime after 200 W/cm?2. However, with the laser source that we used and its
maximal power density of 10 MW /cm?2, we were never able to fully reach the saturated
regime. This characteristic is different compared to the saturation of some molecules,
where a moderate excitation power (2 MW /cm? is sometimes sufficient to saturate the
emitters [126].

From now, for all the experiments with CQDs where a linear response of the emission
rate is required, a maximum power of 200 W /cm? will be employed to keep a good quality
of the sample, avoid Auger-correlated nonradiative process, and maintain a good signal

to noise ratio.

2.2.3 Photoluminescence of PbS CQDs as a function of temper-

ature

The last environment condition that we investigate in this study is the temperature that
we vary from cryogenic to ambient values. During this series of measurements, the sample
was mounted inside a helium flow cryostat (Oxford Instrument MicrostatHires2). The
excitation energy was kept at 200 W /cm? to maintain a linear response of QDs emission,
and the PL was recorded in reflection mode due to the design of the cryostat.

Figure 2.5a shows the changes of PL spectra of PbS QDs with varying temperatures.
The major alterations of PL spectra observed as the temperature is varied from 4K to
300K are the following:

(i) The shape of the PL spectra changes.

(ii) The PL intensity decreases around ten-fold.
(iii) The PL emission peak shifts to higher energy.
(iv) The PL width becomes wider.

To characterize the effects of the temperature, we reploted the spectra of Figure 2.5a as
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Figure 2.5: PL of QDs as a function of temperature and their Gausian fits. (a) PL spectra
of PbS QDs in a host matrix subjected to different temperatures, from 4K to 300K. (b)
The intensity of each gaussian as a function of temperature. Gaussian 1 (red squares)
appears at all the temperatures and has higher intensity compared to Gaussian 2 (blue
triangle) that only appears at low temperature (below 200K). (¢) The energy bandgap
corresponding to each gaussian as a function of temperature. Black solid line is the fitted
curve of semiconductor’s bandgap according to Equation 2.1. (d) PL widths of these
gaussians as a function of temperature. The temperature dependence of PL width is
fitted by Equation 2.2 and shown in black solid curve.

a function of the energy and performed a gaussian fit on the data. While a single gaussian
perfectly fits the PL spectra at high temperature (from 300K - 200K), a sum of two
gaussians was necessary to reproduce the spectra at lower temperatures, as summarized
on Figures 2.5b-d.

Figure 2.5b shows the maximum PL intensity used in the fits as a function of the
temperature. It can be seen that the second gaussian curve (blue triangle-up) appears
below 200K, and that its PL intensity becomes significant from 150K to 4K. This drove
us to a hypothesis that the two gaussians actually represent two disctinct channels of

emission. One, which is associated with the first gaussian, is the excitonic recombination
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of the semiconductor nanocrystals PbS QDs. The other channel, which corresponds to
the second gaussian, is the emission from radiation of the trapped states since there are
many surface or trapped states of PbS QDs due to the fact that they are surrounded by
long ligands.

In order to confirm this hypothesis, we continue to examine the two gaussian fits by
plotting their energy bandgap as a function of the temperature, Figure 2.5¢c. The energy
bandgap of the first gaussian (red square) increases while the energy bandgap of the
second gaussian (blue triangle-up) is quite independent of the temperature, as is expected
from emission through trap states.

Now we see whether the first gaussian is really associated with the energy bandgap of
the semiconductor nanocrystals. It has been documented that the semiconductor energy
bandap is strongly influenced by the electron-phonon interactions that in turn depends
on the temperature [127] 76} 128 129] 130]. At a moderate temperature, a large number
of lattice phonons are excited since their energies are relatively small (4 meV: acoustic
phonon and 26 meV: longitudinal optic phonon for PbS |76]). The phonons influence the
chemical bonding through various orders of electron-phonon interactions. O'Donnell and
Chen [127] proposed a relation for the temperature dependence of semiconductor bandgap

as followed:

E,(T)=E,0)+ S(hwph)[coth(%) -1] (2.1)

where E,(0) represents the bandgap at zero temperature. In our case, £,(0) is the energy
gap of 15-1S exciton state at zero temperature. S is a dimensionless coupling constant
usually referred to as Huang-Rhys parameter.(hw,,) is an average phonon energy. An
excellent fitting is found with Eg¢(0) = 1.038 eV, S =0.9838 + 0.289, and (hw,;) =22.81 +
10 meV. The first two fitting parameters are in good agreement with results published
elsewhere [130], but there is a discrepancy of our fitting parameter for the average phonon

energy, specifically our fitting parameter is higher than those reported. This is consistent
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with the excellent fitting that we achieved at high temperatures, whereas in other works
a poor fitting is observed at high temperatures. We attribute these differences with the
literature to the fact that each study utilizes a different dielectric host matrix to embed the
CQDs, resulting in different phonon interactions. In any case, the very good agreement
of Eq. 2.1 with the evolution of the first gaussian of Figure 2.5¢ is a strong indicator that
this gaussian corresponds to the excitonic recombination of the dots. As a corollary, we
attribute the second gaussian of Figure 2.5¢ that is almost independent of the temperature
to a radiative recombinaton channel through defect states.

Another feature associated with the temperature is the increasing line width of the
PL spectra. Figure 2.5d shows how the FWHM of the two gaussians varies as a function
of temperature. Until now, we know that the first gaussian is the emission channel of
PbS QD bandgap, and the second gaussian is the emission through the trapped states
due to the ligands. Therefore, we will focus on the PL width of the first gaussian. The
existence of crystal lattice of QDs creates vibrational modes (like longitudinal optical
(LO) and acoustic (LA) phonons) which interact with the carriers of semiconductor,
hence influencing the PL line width of QDs. This naive picture can be quantitatively

analyzed by fitting with the following formula:

FWHM(T) =Ty, + 0T + ~veProlksT 2.2
v

where I';,;, is the temperature-independent inhomogeneous linewidth. I';,, represents
the size and shape distribution of the PbS QDs as the temperature approaching 0K. o
is the exciton-acoustic phonon coupling efficient. ~ is the exciton-LO phonon coupling
coefficient, E ¢ is the energy of the LO phonon energy. A good fit from this equation gives
us [y = 150.321.3 meV, 0 = 38.9+10 peV /K, v =26.37+27.8 meV /K, and Ero = 16.38+6
meV.

The last PL feature modified as the temperature went from 4 K to 300 K was the

PL intensity. It was seen that the PL slightly increased from cryogenic temperature and
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reached a maximum at 50K. This trend has been already observed in other studies and
attributed to the fact that a moderate increase of the temperature was able to activate
carriers out of trapped states, contributing to an enhancement of radiative recombinations.
Further increase in temperature up to ambient one led to a decrease of PL intensity around
tenfold due to the activation of the phonon population. The observation was compared
and found consistent with other published work [129].

To conclude, as the temperature dropped from 300K down to 4K, the results proved
that there are two channels of emission. One with higher energy level is associated with the
excitonic recombination of PbS nanocrystals while the other with lower energy level is the
emission through the defects/or trapped states at surfaces of QDs. Thermal expansion
was also the origin of an increase of PbS nanocrystal bandgap and a widening of PL
linewidth.

So far, we have characterized the basic responses of PbS QDs embedded in a homoge-
neous glass matrix. We have seen the PL of PbS QDs blue shifted and higher quantum
yield over time. We also examined how the dots emit with different excitation power
and determined a threshold power (200W/cm?) where the dots emission rate behaves
linearly with the pumping power. Lastly, we investigated their PL. as a function of the

temperature.

2.3 Plasmonic nanoantennas: arrays of nanorings

Before studying the interactions between CQDs and plasmonic antennas, it is important
to discuss the properties of the latter alone. Here we work with nanoring arrays, in
which the dimension of each plasmonic antenna is typically in the range from a few tens
to a few hundreds nanometers. The exact size and periods have been chosen according
to two criteria: first, the period is always chosen to be subwavelength so as to remove
any diffraction effects that would otherwise complicate the interpretation of the results.

Second, the plasmonic resonances must occur in the same spectral range as the emission
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of our PbS CQDs in their dielectric host matrix, namely in the 1000 - 1500 nm window.
Before I began my PhD project, a number of investigations have been performed on the
nanoring geometry [I31] 132 133] 59| 134] 135]. These studies showed that nanorings
sustain a wide variety of plasmonic resonances in the visible and near-infrared and that
the wavelength of the fundamental resonance is typically more than 5 times larger than
the diameter of the structures. Last, but not least, previous calculations in our group
[59] revealed that because of their centrosymmetric geometry, nanorings are well suited
to PL studies in which fluorophores are randomly distributed around them because their

spectral response is largely independent from the exact position of point-source emitters.
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Figure 2.6: SEM images of different nanorings fabricated by e-beam lithography and
their transmission spectra. SEM images of the nanorings are cropped views of a 100 um
x 100pm array of nanorings. Those rings have the same pitch (p = 600nm) and 35 nm
of height, yet different radii. The far-field transmission spectra of these nanorings arrays
on a glass substrate indicate that their plasmonic resonances can be tuned by varying the

geometrical parameters, or in general by altering the filling factor. White scale bar: 500
nm.

In this thesis, we usually fabricate arrays of nanorings with lateral dimensions of
100pm x 100pum. The arrays of nanorings are fabricated by e-beam lithography. A layer

of positive-tone resist is exposed to an e-beam where structures are written according to a

designed mask. After exposure, the resist is developed and followed by e-beam evaporation
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of gold. The sample is then immersed in 2-Butanone solution to remove the unexposed
areas, see Appendix A for the details of fabrication process. Figure 2.6 shows the SEM
cropped images of the fabricated nanoring arrays and their far-field transmission spectra.
The cropped images in Figure 2.6 are nanorings with different geometrical parameters but
the same pitch p = 600 nm. Magnified images of the nanorings (not shown in picture)
indicate that the fabricated nanorings meet the initial parameter design, where the inner
ring radius is increased and their ring wall thickness (ring wall thickness is defined as
the difference between outer radius and inner radius) is kept constant. To complete
geometrical verification, an AFM characterization is performed and showed that the ring
surface is fairly uniform and there is a slight difference between the Au nominal height
(35nm) and actual height of gold nanoring (40nm-including 2nm of Ti adhesion layer).
The small deviation indicates that the metallic deposition step is well-controlled.

The localized surface plasmon resonance associated with a given array is determined by
Fourier Transform Infrared (FTIR) spectrometer (Agilent 670 IR) coupled with an optical
microscope. Figure 2.6 also shows the transmission spectra of the different nanoring
arrays. The dips of transmission spectra are the fundamental surface plasmon resonances
(LSPR) of the different arrays, where most of the energy of the external infrared signal
are converted into the LSPR rather than passing through the structure.

The curves of the transmission spectra reveal that the plasmonic resonances can be
easily tuned by changing the dimensions of the nanorings. Particularly, as the outer radius
of nanoring is varied from 108 nm (left) to 165 nm (right), the plasmonic resonance of the
corresponding structure is tuned from 1035 nm (black) to 1280 nm (pink). Besides, the
resonance line width also expands considerably while we keep the unit cell constant and
enlarge the size of the nanoring. This resonance broadening is a signature of increased

damping due to the lateral dipole-dipole coupling amid neighboring nanorings.
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2.4 Probing the interaction between Au nanoring ar-

rays and PbS CQDs

In this section, PbS QDSs in a sol-gel matrix and arrays of Au nanorings are brought
together, as depicted in Figure 2.7a. Au nanoring arrays and QDs embedded in a SiO,
are buried under a 190 nm thick layer of SiO,, hence they experience a symmetric envi-
ronment. To probe the coupling mechanisms of the dots with the nanorings, the distance
between the nanoring arrays and the layer of QDs is varied by introducing a thin spacer of
silica (see Appendix A for complete fabrication recipe). To quantify the coupling between
the dots with the rings, we measure the PL spectrum above each structure and normalize
the data with the luminescence of a neighboring region without metallic pattern. The
resulting ratio provides the relative PL enhancement above the metallic structures as a
function of the wavelength. By performing this normalization procedure, we obtain rela-
tive PL enhancement spectra that are not affected by the spectral evolution of the dots in
HSQ evidenced in Figure 2.3. Appendix B provides all the details about this procedure.

Figure 2.7b summarizes the relative PL. enhancement as the distance between the
nanorings and the CQD-doped layer of HSQ varies from 0 to 75 nm. All samples have
a period P = 600 nm and the nanoring inner, outer radii and height are 56 + 3 nm,
110 £ 2 nm, and 35 + 2 nm, respectively. One can see that the PL enhancement is the
highest when the HS(Q layer with embedded QDs is the closest to the rings and that
the enhancement decreases significantly as the distance between this layer and the rings
increase. This result is consistent with the literature: it indicates that, as the CQDs
are placed farther away from the rings, they interact less with the plasmonic resonance
and its exponentially decaying fields. It is also worth noting that since we work with
CQDs embedded in a 100 nm thick layer of HSQ, the enhancement values recorded here
correspond to an average of all the dots dispersed in HSQ.

To gain quantitative insight into these interactions, we now focus on two samples that

represent two distinct regimes of PL. enhancement: one in which the separation distance
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Figure 2.7: Schematic of full sample and PL enhancement as a function of SiO, thickness.
(a) The diagram of fully-layered sample prepared for studying the interactions between
QDs and nanoring arrays. As illustrated in the diagram, Au nanorings arrays are made
by e-beam lithography on a glass substrate. A layer with variable thickness of SiOj is
deposited by PECVD at 300°C, a 100 nm thick layer of embedded PbS QDs is spincoated,
followed by a 190 nm thick of SiO, sol-gel transferred from HSQ. This thick top SiOs
layer is very crucial to achieve enhancement of PL because it helps QDs and nanorings
experience a symmetric SiOy environment. (b) The apparent enhancement of PL with a
varied space thickness from 0 nm to 75 nm.
between the Au nanorings and the CQD-doped layer of HSQ is set to 40 nm and another
sample in which the Au nanorings are directly in contact with the CQD-doped layer.
Figure 2.8a shows the PL enhancement spectrum for the first sample of interest (i.e.
with a SiOg spacer of 40 nm between the Au nanorings and the CQD-doped layer of
HSQ). We have recorded the same relative spectrum over several days and did not observe
significant changes: in all cases, a broad peak centered on 1225 nm corresponding to
the excitation of the fundamental plasmonic resonance of the rings is observed and the
maximum spectral enhancement is around 3. These experiments demonstrate that it
is possible to perform quantitative and reproducible antenna experiments with CQDs
embedded in a dielectric host matrix, even though we have seen previously that the
spectral signature of the dots blueshifts over time, see Figure 2.3. This is because we
plot here the relative PL enhancement, defined by the ratio of the PL above and outside

the metallic structure and this ratio remains the same regardless of the absolute spectral

signature of the dots. To get a more quantitative view of this stability, we plot in Figure
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2.8b as a function of time the maximum value of the PL. enhancement, as well as the
quantity AN = A.spr — AEnhancement, corresponding to the difference between the spectral
position of the plasmon resonance (as measured by FTIR measurements) and the spectral

position of the relative PL enhancement peak.
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Figure 2.8: PL enhancement evolution overtime for a SiO4 spacer thickness d = 40 nm.
(a) PL enhancement spectra of one representative nanoring array (Period = 600 nm, ring
parameter: inner, outer diameters and height are 120, 210, and 35 nm, respectively.)
coupled with PbS QDs over two weeks of monitoring. (b) The difference, AN = Apspr -
AEnhancement, between plasmon resonance wavelength and PL enhancement peak position
and amplitude of PL enhancement were traced as a function of time.

We now perform the same experiments for the second sample, that is, the sample in
which the layer of CQD-doped HSQ is directly coated onto the Au nanorings. Figure 2.9a
shows that this sample exhibits a radically different behavior: when measured just after
fabrication, the PL enhancement spectra has a very high amplitude and asymmetric shape.
Then, when the measurement is repeated in the following days, one notice a very sharp
decline of the enhancement and a blueshift of the peak. Eventually, the PL enhancement
spectrum becomes stable after approximately 10 days. In the stable regime, the PL
enhancement spectrum is very reminiscent of the spectra of Figure 2.8 corresponding to
the sample where a spacer of 40 nm was inserted between the Au nanorings and the
CQD-doped layer of HSQ.

Figure 2.9b provides another view of this dramatic evolution by plotting the maximum
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PL enhancement and the quantity AN = Ar.gpr—AEnhancement OVer time. When the sample
reaches stability after 10 days, one can see that A) is small, indicating that the PL

enhancement spectrum has the signature of the plasmonic resonance.
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Figure 2.9: PL enhancement overtime for spacer thickness d = 0 nm. (a) PL enhancement
of the same nanoring array as in Figure 2.8 interacting with PbS QDs over nearly three
weeks of monitoring. (b) a similar graph like Figure 2.8b, AN = Ar.spr — AEnhancement and
the amplitude of the PL enhancement were tracked over time.

We interpret the results of Figure 2.9 by the fact that the CQDs are embedded in
a 100 nm thick layer of HSQ. When the sample is fresh, the PL. enhancement is mainly
due to the dots in direct vicinity of the nanorings since they are in the direct near-field
of the plasmonic resonances. In contrast, the contribution of the QDs that are far from
the rings is weak in comparison. Then, the spectral changes observed in Figure 2.9a and
the sharp decrease in the PL enhancement indicate that the dots in direct proximity of
the nanorings are degraded and gradually cease to play a role in the light emission. The
origin of this quenching is not clear to us: it arises probably because the HSQ matrix is
not stable, allowing complex photoreactions to occur due to the high local fields of the
surface plasmon resonances. Eventually, after 10 days, all the dots in direct proximity of
the nanorings are quenched and only the dots in the upper part of the HSQ layer, those
that are the farthest from the nanoring arrays, contribute to the PL. Thus, in this latest

evolution stage, the sample is very similar to the one previously studied in Figure 2.8: it
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consists of a collection of CQDs that are separated from the rings by a dielectric spacer.
As we have shown with Figure 2.8, this configuration is very stable over time, the PL
enhancement is rather modest but there is a clear peak corresponding to the excitation
of the plasmonic resonance that do not evolve as the sample continues to get older.
Based on these considerations, we will now only focus on samples in which the CQD-
doped layer of HSQ is separated from the nanorings by a small dielectric spacer. This
configuration is stable, reproducible. In addition, it ensures that the interactions between
the CQDs and the nanoring arrays are mediated by the electromagnetic field rather than
by complicated, non-radiative effects that are known to occur when the distance between
the dots and the plasmonic particle is smaller than 5-10 nm. Before investigating these
interactions in detail, we first remind in the next section the theoretical model that is
almost universally used to understand the radiative coupling between quantum emitters

and optical antennas.

2.5 Quantum emitter interacting with a metallic
nanoparticle : Theoretical Model

We consider here a generic emitter with three energy levels without degeneracy. The
level 1 is ground state, level 3 is a highly excited state and level 2 is the excited state
with lowest energy. Exciting the emitter into the level 3 can be achieved with an proper
external light source. It is generally considered that the de-excitation from highly excited
level 3 to lower excited level 2 happens extremely fast, as a result the population on level
3 is negligble at all times. As relaxing to the ground level from level 2, they re-radiate
light that is satisfied transition Fy— E; = hwy. With these assumptions, our model is that
of a two-level emitter [136] 126} 67].

In a weak and continuous excitation regime which corresponds to the illumination

conditions used in our experiments, the fluorescence collected by the detector can be
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Figure 2.10: Schematic of a two-level model. In general, this model is utilized to describe
fluorophore-metal interactions. It is common to neglect the extremely fast non-radiative
decay process within excited level from level 3 (top level) to level 2 (middle level), hence
only two levels (level 1 and level 2) are considered.

written as:

P(wy) = kaet(wy ) Newel'r(wy) (2.3)

where kg (wy) is the response of the detector (including the effects due to its finite
collection angle of the objectives) integrated over the acquisition time of the measurement,
I'r(wy) is the radiative decay rate at the fluorescence frequency wy, and N, is the number
of the emitters in the excited states. As we neglect the population at level 3, the total

population of the emitters under the continuous wave and week field regime is:

N(t) = Ny(t) + Neac(t) (2.4)

In this regime, we can neglect the stimulated coefficient so that the variations of N,,. at

all time is equal to the difference between the radiative recombinations and excitations:

dNezc
dt

= _(FR(wf)) + F(]l\?é + fYTLTO)NGLEC + Ngaabs(wabs)Iinc|K(wabs)|2 (25)
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where {7}, represents the rate of photons extracted from the emitter that are eventually
absorbed due to the metallic losses,¥,.o is the intrinsic nonradiative decay rate of the
sources, IV, is the population of emitters in the ground state, oups(waps) is the cross section
absorption of the emitter at the pumping frequency wgps, Iine is the pumping intensity,
and |K (was)|? is the modified irradiation at wg,s due to the presence of the antenna.
Because we assume that the pumping light is a continuous-wave laser, or dN./dt = 0,

hence we obtain:

Uabs(wabs)[inc|K(wabs)|2

Nea:c =N, 2.6

")) + T+ Yoo 20
Filling equation of N, into equation of P(wy) we have:

P(wf) < kdet (wf)n(wf)|K(wabs)|2Uabs (wabs)Iinc(wabs>Ng (27)

where 7(wy) is the modified quantum yield of the emitter due to the Purcell effect |137]

I'r(wy)

w = 28
M) = Tar)) + T+ o Y

The luminescence of the emitter alone can be described by:
PO &< kdet(wf)nio-abs (wabs)Iz‘nc(wabs) (29)

where 7; is the intrinsic quantum yield of quantum emitter (7; = v.0/(7r0 + Ynr0))- By
writing this expression, it is supposed that the detector response kge; is the same in the
presence and in the absence of nanoantennas. We can make this assumption because we
have verified that the PLL enhancement spectra do not significantly vary when we repeat

the experiments with a microscopic objective having a different numerical aperture.

P 1 T/T0

o —
n, 1-n;
P FR/F%"‘Fﬁé/FOR"'n_?

K (waps)? (2.10)



CHAPTER 2. PBS CQDS COUPLED WITH METALLIC INCLUSIONS 47

For optical antennas predominantly operating through the Purcell effect, the contri-
bution |K (waps)]? is small and Eq. P/Fy clearly predicts that P/Pg strongly varies with
n;. If n; is close to one, corresponding to bright emitters with little non-radiative decay
channels, the fluorescence rate can only drop because any increase in I', is offset by the
absoption losses I‘ﬁ}; of the plasmonic antenna itself. In contrast, an increase of I'p via
the Purcell effect can substantially boost the luminescence of low 7; emitters. Figure 2.11
illustrates this discussion with an electrical dipolar emitter coupled to a Au nanotorus
supporting a localized plasmon resonance at 1160 nm. The quantities I'/T'% and T4 /T°%
have been calculated by Dr. Tatiana Teperik with the boundary element method (BEM)
using a lossless classical dipole [59] 134] 135] and we represent in Figure 2.11 the ratio
P /Py given by Eq. 2.10 for two different quantum yields: n; = 0.95 (black curve) and
n; = 0.1 (grey curve). One can clearly see that the antenna enhances the spontaneous
emission of the poor emitter and degrades the luminescence of the bright one; in addi-
tion, the spectral shape of P/Pq considerably changes with 7; even though the remaining
parameters have been kept constant.

When strong pumping power is applied leading to the saturated emission, the rate
equations change in such a way that the enhancement through the Purcell effect does not

depend on 7;:
P o< FRgabs]inc(wabs) (211)

In this regime, the ration P/P, becomes:

P Ty

R 2.12
P IO (2.12)

which is now independent of the intrinsic quantum yield n;. The red curve of Figure 2.11
plots the ratio P/Py given by Eq. 2.12 for the same system considered previously. These
calculations show that, in the saturation regime, the PL enhancement is significantly

higher, the spectrum become narrower, and the peak position of normalized P/P0 has
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Figure 2.11: Two-level model prediction. This quantitative prediction is calculated for a
gold toroidal nanoantenna sustaining a plasmonic resonance at 1160 nm interacting with
a single emitter which is placed on its symmetric axis of the toroidal nanoantenna. Red
curve is the spectral prediction for the nanoantenna coupled with a single emitter with a
saturated emission rate. Light grey curve is the spectral prediction for the nanoantenna
coupled with a bad emitter (its intrinsic quantum yield n; = 0.1. Lastly, the black curve
is the spectral prediction of the nanoantenna coupled with a good emitter (its intrinsic
quantum yield 1n; = 0.95
shifted to the wavelength of the plasmonic resonance.

In conclusion, the two-level model predicts that the metallic nanoparticles have a sub-
stantial influence on the spontaneous emission spectra of quantum emitters as they are
coupled to each other through Purcell effect. If a normalized ratio is used to character-

ize the emission modification, the model tells us that the spectral ratio is considerably

changed with the excitation power and intrinsic quantum yield of the emitters.

2.6 Experiments to test predictions of the two-level model

The two-level model described in the previous section is widely used to make educated
guesses on antenna systems but its validity has never been checked for the systems of CQD
embedded in dielectric host matrices and interacting with nanoparticle arrays studied in

this chapter. Here we carry two series of experiments to test this model, one in which
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we study the PL enhancement as a function of the pump power and the other in which
we vary the intrinsic quantum yield of the PbS QDs with the temperature. As explained
earlier, we consider here samples in which the layer of CQD-doped HSQ is separated
from the nanoring arrays by a thin SiO, spacer. This spacer ensures that we are in the
conditions of the two-level model (namely, that the dots and the antennas interact through
the electromagnetic field only) and also that the samples are stable over time (see Figure

2.8).

2.6.1 PL enhancement as functions of pumping power

The first series of experiments that we conducted to check whether the generic two-level
model is suitable to describe the behavior of our system are power-dependent measure-
ments that will test two equations: 2.10 and 2.12. As before, the laser we used for these
measurements is a He-Ne laser (Melles Griot) emitting a continuous (CW) red laser light
at 632.8 nm with maximal power that we measured at 632.8 nm is 3 mW.

As discussed in Section 1.2.2, by varying the power of the laser with neutral density
filters, we can switch from the linear regime to a new regime evolving towards satura-
tion (although it should be noted that the limited power of our laser prevented us from
achieving full saturation).

We fabricate a sample which has a schematic like in Figure 2.7a with a spacer SiO , layer
between the nanorings and dots of 30nm. This value is selected to make a compromise
working only with the Purcell effect while maintaining a decent enhancement. For this
study, we fabricate different arrays of nanorings where we keep the unit cell of nanoring
unchanged at 600 nm, but we change the size of nanorings as illustrated in SEM inset
images in Figure 2.12.

After having a completed sample with all necessary layers on, we perform the far-field
FTIR of nanorings arrays to determine their plasmonic resonances. Top and bottom spec-
tra of Figure 2.12 show the transmittance and reflectance of the corresponding nanorings.

The color code is the same for both transmittance and reflectance spectra.
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Figure 2.12: SEM images and FTIR spectra of the metallic inclusions. White scale bar:
250 nm. Top graph is the far-field transmission spectra of different rings, named Motif 1,
2, 3, 4. SEM images of single nanoring antenna are the cropped view of the corresponding
array. Bottom graph is the far-field reflection spectra of the nanoring arrays with the same
color codes of transmission spectra.

The dips in transmittance and peaks in reflectance are associated with the plasmonic
resonances of the nanorings. As we vary the outer diameter of the nanorings from 230 nm
to 280 nm, the plasmonic resonance is tuned from 1200 nm to 1350 nm. As the dimension
of the rings is larger, their plasmonic resonances not only shift to the higher wavelength,
but also become broader due to increased dipole-dipole coupling |138].

Figure 2.13 shows the PL enhancement of the nanorings coupled with PbS QDs. The
top and bottom graphs are associated with the PL enhancement when the system is
excited with weak power density (0.2 MW /cm?2, corresponding to the linear regime of
spontaneous emission) and high power density (10 MW /cm?2, where the dots are not fully
saturated but still far from the regime of linear spontaneous emission). It can be seen

that the PL enhancement spectra in both excitation conditions have profiles similar to

those of the corresponding FTIR spectra, which is a strong evidence that the emission
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Figure 2.13: PL enhancement with low pumping power and high pumping power. Top
graph shows the PL enhancement with weak pumping power for the nanorings, which are
characterized in Figure 2.11, coupled with PbS QDs in host matrix. Bottom graph is the
PL enhancement for the same system but with a power close to the saturated emission
regime of PbS QDs. Again, color codes are kept the same for Figure 2.12 and 2.13.
of PbS QDs is modified through the Purcell effect. Another interesting feature as we
compared the PL enhancement spectra at two pumping conditions is that their amplitude
of enhancement are almost constant at around three-fold regardless of the structures.
Lastly, PL enhancement profiles look similar for both pumping conditions. This can be
shown better in Figure 2.14a.

Figure 2.14a superimpose the PL enhancement for two representative structures with
weak (light grey color) and high (light red color) excitation power. One cans clearly see

that the PL enhancement is almost completely identical no mater what the excitation

power is. This behavior is not only true for these two selected structures, but also true
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Figure 2.14: A comparison of our experimental data with the theoretical prediction of the
two-level model. Left graph is the superposition of two structures with different pumping
powers and measured at room temperature. The red curves are PL enhancement of two
structures with a power approaching the saturated regime of QD emission. The light grey
curves are PL enhancement of the same motifs in linear regime of pumping power. The
superposition shows that PL. enhancement spectra do not change at all regardless of the
pumping power. Only the superposition of two arrays are plotted for the sake of clarity,
however, these features are the same for other structures that are not plotted. Right graph
is the theoretical prediction from the two-level model of the nanoantenna coupled with a
saturated emitter (in red) and an unsaturated emitter (in gray) similar to experimental
conditions.

for the two other structures not shown in Figure 2.14a for the purpose of clarity. From
this comparison, we can draw the conclusion that the PL enhancement is independent of
the pumping regime, i.e. it does not depend whether the dots are in the linear regime of
spontaneous emission or in a (near-) saturated state. This fact is in contradiction with
the predictions from the two analytic formulas of the two-level model. The model states
that there should be a considerable change in terms of shape, position, and amplitude
of emission modification spectra for two different cases of optical excitation power. This
predicted picture is replotted in Figure 2.14b, where we calculate the influence of the
nanotorus on the classical dipole. The grey curve in Figure 2.14b shows the influence of
nanoantenna on quantum dot’s emission with week excitation (Eq. 2.10) and n; = 0.1,

whereas the influence with the saturated pumping condition (Eq. 2.12) is represented by

red curve. It is noted here that the spontaneous emission modification of the system in



CHAPTER 2. PBS CQDS COUPLED WITH METALLIC INCLUSIONS 53

equation 2.10 is calculated with n; = 0.1 which is the closest value of the intrinsic quantum
yield of PbS QDs used in this experiment |128].

Figure 2.14 is an overview picture of the comparison between what we were expecting
to see by following theoretical predictions from two-level model (Figure 2.14b) and the real
measurement (Figure 2.14a). Despite the input parameters in experiments and calculation
are carefully chosen to match, there is still a clear disagreement of experimental data
with theoretical predictions from model. Nonetheless, it can be argued that the dots
are not fully saturated in our experiments (cf. Figure 2.4) but only far from the linear
regime, which may explain the discrepancy with Eq. 2.12 which assumes full saturation.
The following temperature-dependent experiments will bring additional evidence that the

two-level model is in fact not valid for our systems.

2.6.2 PL enhancement as a function of temperature

In this series of experiments, we perform temperature-dependent PL measurements for
the same type of samples, except that the nanorings that we consider here have fixed
dimensions (inner radius, outer radius, and height are 55, 110, and 35 nm, respectively),
whereas the period of each array is varied from 700 nm to 350 nm; top image (p = 700
nm), middle image (p = 500 nm) and bottom image (p = 350 nm), illustrated in the left
panel of Figure 2.15. Otherwise, the stacking is the same as previously, with a 30 nm
spacer of SiOy between the Au nanostructures and the QD-doped HSQ layer.

Specifically, this study will test equation 2.10. The coupling degree between our nanor-
ing arrays and PbS CQDs is still determined by the ratio P/Py. P is the PL intensity
of QDs on top of the nanorings, whereas P is the PL intensity of QDs alone in a region
that is far from the Au nanoring arrays. Last, the pumping power is maintained at weak
power density (0.2 MW /cm?) so that we are working in the linear regime of spontaneous
emission.

Figure 2.15, on left panel, shows cropped images of some selective arrays fabricated

for this study. The localized surface plasmon resonance associated with a given array is
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Figure 2.15: SEM images and FTIR of the structures used for the temperature dependent
study. White scale bar: 1 um. Left panel is the SEM images of cropped view of the
arrays. In these images, geometrical parameters of the nanorings are kept unchanged
(inner, outer radius and height are 56 +3 nm, 110+2 nm, and 35+2 nm, respectively),
but distance between the nanorings is altered by varying the period. Three images are
representative images of some periods used with p =700 nm (top left), p = 500 nm
(middle left), and p = 350 nm (bottom left). Right panel is the far-field FTIR spectra of
the nanoring arrays. Again, the transmittance and reflectance of each structure is used
with the same color code.

determined by FTIR measurement in both modes: transmission and reflection, right panel
in Figure 2.15. Well-defined peaks in reflection and dips in transmission are the signature
of the fundamental plasmonic resonances of the nanoring arrays. We see that as the
period of nanorings diminishes from 700 nm to 350 nm, the dips and peaks are shifted to
higher energy and become broader, indicating that the localized plasmonic resonance are
increasingly coupled as the nanorings getting closer [138]. Note that the complex spectral
shape obtained for P = 700 nm is an artifact from our experimental setup: the structures
are illuminated with a converging beam that induces unwanted diffraction effects for this

large period.

Figure 2.16a replots the PL of pure PbS QDs on a glass substrate as a function of



CHAPTER 2. PBS CQDS COUPLED WITH METALLIC INCLUSIONS 55

O
~——

—4K

204

_
o
1

PL Enhancement (a.u.)

1000 1200 1400 1000 1100 1200 1300 1400
Wavelength (nm) Wavelength (nm)

Figure 2.16: PL enhancement at different temperatures. Left graph is the replotted PL
of solely QDs at several temperatures. Right graph is the PL enhancement as a function
of temperature for one representative structure (p = 600nm) coupled with PbS QDs with
30 nm of SiO, spacer. The sample is pumped at low power, in the linear regime of
spontaneous emission.

temperature. In this graph, we only choose some representative temperatures to demon-
strate that the intrinsic quantum yield n; of PbS QDs can be varied in a large range by
adjusting the temperature. As discussed in Section 2.2.3, as we decreased the temperature
from 300K to 4K, we see approximately a ten-fold increase of the PL intensity. It has
been pointed out in other works that at room temperature the quantum yield of PbS QDs
n; ~ 0.1 [128]. In a rough approximation, we can therefore say that the quantum yield of
PbS QDs can be tuned from 1n; » 0.1 at 300K and n; ~ 1 at 4K.

We determine the PL enhancement for one representative array of nanorings with
period p = 600 nm as a function of temperature. Figure 2.16b shows PL enhancement
spectra for the nanoring array with period p = 600 nm as the temperature is increased
from 4 K to 300 K. It can be seen that the nanoring array enhances the luminescence of
PbS QDs, albeit the amplitude is different from one to another, and the PL enhancement
spectra seem to have a similar profile in terms of the peak position and line width.

Figure 2.17a summarizes the results of the measurements for different arrays of nanor-

ings at room temperature. This figure shows that the amplitude of the PL. enhancement
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Figure 2.17: PL enhancement at different temperatures and comparison of plasmonic
resonance with PL enhancement. (a) PL enhancement for different structures at room
temperature and (c) at cryogenic temperature (4K). (b) Superposition of peak positions of
different measurements as a function of period: black square points are reflectance peaks,
red closed circle points are transmittance dips, yellow up-triangles are PL enhancement
peaks and light blue down-triangles are the absorption peaks defined as 1-R-T. (d) Ratio
of PL enhancement at room and at cryogenic temperatures for three selective structures
(Bordeaux: p = 700 nm, light blue: p = 500nm, and light grey: p = 450nm).

is varied from one structure to the other structure. The variation of PL enhancement can
be understood as a competition between processes. As the period is reduced from 700 nm
to 350 nm, the total number of CQDs interacting with the plasmonic resonance increases
because the density of nanoring increases, so that we expect more light. However, as the
rings are getting closer, their mutual coupling induces a broadening of the resonance, or
lowering the quality factor, which in turn leads to a reduction of the PL enhancement.

This trade-off results in a optimized enhancement of approximately 7 for our rings with

period 600 nm.
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The PL enhancement spectra present the same general characteristics as the optical
properties of the nanoring arrays, as shown in Figure 2.17b. For all the structures, the
wavelength of maximum PL enhancement is confined between the transmission and re-
flection peaks on one side and the absorption peak (defined as 1-R-T) on the other side.
Figure 2.17b displays the peak positions of reflection (black square), transmission (red
circle), absorption (light blue triangle-down), and PL enhancement (yellow triangle-up)
for different structures. It can be seen that the PL enhancement peaks are always followed
by the absorption peaks of the corresponding structure. We also carefully analyzed that
these PL enhancement are not the results of measurement artifacts i.e. the scattering
effects of the nanorings on the emitters and finite angle of collection of the objective.

We next repeat the measurement at 4.2K so that the nanoring arrays can interact with
very bright emitters, see Figure 2.16a and section 2.2.3. The PL enhancement spectra,
plotted in Figure 2.17c, have much smaller amplitude, in good agreement with common
wisdom that plasmonic antennas and their associated losses are less efficient when used
in conjunction with bright emitters. However, there is another feature of Figure 2.17c
that is much less expected, namely that the PL enhancement spectra have essentially the
same shape as those recorded at room temperature in Figure 2.17a. Such an observation
is not expected according to the theoretical predictions of the two-level model.

A quantitative comparison between room and cryogenic temperatures can be made
by plotting the ratio of the PL enhancement spectra of Figures 2.17a and 2.17c. The
resulting curves, represented in Figure 2.17d, are remarkably flat and nearly identical for
all structures, regardless of the position of the localized surface plasmon resonance and
the actual period of the ring array. This result indicates that the PL enhancement spectra
of Figures 2.17a and 2.17c are essentially proportional. Again, for the purpose of clarity,
we only select to plot the ratio for three structures with period p = 450 nm (light grey),
p = 500 (light blue), and p = 700 nm (bordeaux), but the features are the same for other
investigated structures.

The proportionality between the curves of Figures 2.17a and 2.17¢ can also be visual-
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Figure 2.18: A comparison between the temperature-dependence measurements with the-
oretical predictions. (a) The theoretical prediction for spectral profiles of the metallic
nanoparticle coupled with a bad (1; =0.1) and a good (n; = 0.95) emitter in the condition
of low pumping power. (b) PL enhancement for different structures at room and at cryo-
genic temperatures. It is reminded here that intrinsic quantum yield of the dots in host
matrix at room temperature is almost 7; » 0.1), whereas their quantum yield at cryogenic
temperature is nearly unity (n; » 1).
ized on Figure 2.18b that superimposes the PL. enhancements for the same three structures
at room (light grey) and at cryogenic (black) temperatures. In this figure, all three PL
enhancement at 4K are multiplied with a factor 1.8 — the factor is taken based on the
Figure 2.17d. The proportionality between the curves measured at room and cryogenic
temperatures is the central result of this study. The apparent simplicity of this observa-
tion is deceiving for one reason—it is at odds with the predictions of the two-level model
discussed before and reproduced in Figure 2.18a. This figure says that the plasmonic
antennas will only enhance the luminescence of a poor emitter, but that it will suppress
the luminescence of very bright emitter like our PbS QDs at cryogenic temperature. This
marked disagreement between our measurement data and theoretical predictions in Eq
2.10 proves that the currently used two-level model is not reliable to predict the behavior
of the system — colloidal quantum dots that we are working on.

In fact, this conclusion is not so surprising since we have already established in section

2.2 that our PbS QDs in their HSQ matrix emit through two different radiative channels,

namely their intrinsic excitonic recombination channel and a trap defect state. In other
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words, our CQDs cannot be treated as two-level emitters. It is noticeable that the validity
of the standard two-level model has also been challenged for fluorescent molecules |139].
The next section proposes a new theoretical model that accounts for these features. It
has been developed by Professor Jean-Jacques Greffet as part of a collaboration on this
project.

Before detailing this model, we note that a more critical examination of Figure 2.17d
reveals that the measurements at room and cryogenic temperatures are not exactly propor-
tional. To explain this result, it is important to note that we have neglected the influence
of the temperature on the Au rings themselves in the discussion. As documented in a few
studies, the plasmonic properties of nanoparticles with significant surface roughness such
as our lithographied rings are only marginally affected by the temperature [[40], except
for a slight narrowing and blue shifting of the peak as T" decreases. This is such a spectral

evolution that we observe on Figure 2.18b.

2.7 Beyond two-level model

Our experiments indicate that PbS CQDs embedded in a sol-gel matrix have at least
two radiative decay channels — one excitonic line and one defect state. To take this
observation into account, we suppose in the following that each source emits light at two
distinct frequencies w; and w} and suppose that there is no correlation between the two
channels. The same conventions as above are used, except that all the quantities related
to w} are identified with a prime (i.e. F'R,'y;o, and so on ...). In this new model, the N

emitters forming the system are characterized by the following distribution:

N:[dwfdw}n(wﬁw}) (2.13)

where n(wf,w}) is the density of CQDs emitting at frequencies wy and w}. The power

radiated by the N sources at a given frequency wyy can be written as a contribution from
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each channel:

P(wfg):kdetfr(wﬂ))/dwfn(wfo,w})P(wa,w})+kdetF;(wfo)/dw}n(wfo,wf)P(wfo,wf)

(2.14)

here P(wf,w}) is the probability of excitation of one CQD having the radiative decay

7

channels wy and w ’ To calculate this quantity, we write the rate equation of the excited

CQDs emitting at wy and w} under weak CW excitation:

d ! 7 I’ 7
%[n(wfawf)P(wfawf)] = —[[p(wp) + TR (wy) + YnroIn(wy, wp) P(wy, wy)

_ [F;(w}) + Fént(w}) + %;ro]n(wf,w})P(wf,w}) (2.15)

r

+ Uabs(wabs)[inc|K(wabs)|2n(wf7 w;‘)

Since this above equatiion is equal to zero for stationary regime, we have:

Oabs (wabs ) IinclK(wabs) |2

Ly (wyp) + Tr(wyr) + Ynro + 15 (W) + TRz (W) + Ym0

P(wy,w)) = (2.16)

Let us introduce I' = T',(wy) + TArt(wy) and T" = T7(w}) + Trt(w)) to simplify the
notation. We also note that the decay rates of both channels are subjected to the same
enhancement factor in the presence of the antennas because the Purcell effect responsible
for this enhancement is solely determined by the local density of photonic states of the

system. We therefore have I',(wy) = g(ws)v0(wy) and F;(w}) = g(w})'y;o(w}) SO we can

rewrite the equation P(wy):

n(wf,w})

Ant !
mZZ (wf) + Ynro t Ynro

]Jabs (wabs)[inc|K(wabs)|2

P(wfo) :kdetg(wa)[/VTO(wa)fdwa (w )+F
Es (2.17)

+ ’ (w, )/dw, n(wf7wf)

TR0l T (@) * TA (@5) + Y0 + Yoo

This expression contains the terms 7,9 and 7;”"0 which depend on the temperature —
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but not on the frequency because they represent intrinsic characteristics of our emitters.
In the limit where ~,,o and 7,'W0 are much larger than any other terms of our integrals,
they simply introduce a general scaling factor in the PL spectra since they do not de-
pend in the frequency. In all other cases, their influence on the spectral shape of the
photoluminescence is also weak because they appear in the integrals where their weight
is minimized after integration over w; and w}. We can make the latter statement be-
cause the spectral separation between the two emission bands is larger than the width of
the plasmonic resonance, minimizing the contribution of ~,, and ’Y;wo- Thus, this final
equation correctly predicts that the PL signal is essentially proportional to the radiative
enhancement g(wyg), a result that remains true if we normalize this expression by the
signal P produced in the absence of the antennas (particularly, in this case g(wgo), I' and
[ are set by 1).

The final equation provides a mathematical support to the main claims of this chapter.
By taking into account the salient features of our CQDs including inhomogeneous broad-
ening and the existence of at least two radiative channels per crystal, we obtain a boost in
luminescence roughly proportional to the plasmonic enhancement, in a good agreement
with the experimental results. However, it is also worth nothing that the final equation is
a generic expression that does not necessarily capture the full physics of our experiments.
In particular, we have neglected several factors such as the possible correlations between

emission channels w; and w} and the fact that the antennas may also trigger additional

radiative transitions.

2.8 Conclusion

In conclusion, we have performed a quantitative study on the interactions between a
distribution of PbS QDs embedded in a host matrix that interacts with arrays of plasmonic
antennas. Although similar structures have already been studied by others in a qualitative

way [47, 48], we provide what we think is the first quantitative analysis on this class of
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structures. The fact that the QQDs are embedded in a dielectric host matrix represents
a complication in the sense that complex chemical reactions continue to occur well after
completion of the samples. Nevertheless, we were able to determine conditions in which
the PL enhancement provided by the plasmonic antennas is remarkably stable over weeks.
This stability enabled us to fully characterize the system and made us realize that it
could not been described by the generic two-level model that is almost universally used
to make educated guesses on the behavior of plasmonic antennas. The reason for this
discrepancy is that the PbS QDs in their HSQ matrix are complex emitters that do not
simply emit light through their excitonic emission line. Interestingly, the two-level model
has also been challenged for a completely different system composed of plasmonic dimers
interacting with organic fluorophores [139]. Although the emitters of this earlier study
do not obey to the same emission dynamics as our PbS QDs and must be described a
completely different theoretical model, the resulting PL enhancement follows the same
behavior as in our experiments. It would be interesting to study other systems with other

quantum emitters to explore the degree of universality of these results.



Chapter 3

All inorganic top-emission infrared

QDLEDs

After the photoluminescence experiments of the previous chapter, I will now explain how
to pump the same commercial PbS CQDs electrically. We have developed an architecture
of quantum dot light emitting diode (QDLED) that is both compatible with our exper-
imental tools and with the main objective of this thesis, namely the demonstration of
hybrid metamaterial/CQD optoelectronic devices. The metamaterial/CQD hybrids will
be introduced in chapter 4; here we will focus on the fabrication and characterization of
reference QDLEDs without any metamaterials. As will be described in section 3.1, the
community has introduced many variants of QDLEDs with ever-improving efficiency over
the years. In this respect, the structures that we have fabricated are not fundamentally
new, nor are their performances competitive compared to some of the best existing de-
signs. Nevertheless, I have chosen to dedicate a whole chapter to QDLED fabrication
and characterization because it was an expertise that did not exist in our group prior
to my PhD thesis. In contrast to the rest of the QDLED community, our group has no
expertise in chemistry and we also lack of some highly useful tools that other teams have,
such as glove boxes with controlled /inert atmosphere. As a result, the challenges that I

have encountered and the solutions that I have found are very specific to this particular
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context and may serve as useful guidelines for others who wish to fabricate stable and
reproducible QLEDs without having any specific infrastructure for it. While other groups
synthesize their own CQDs and then fabricate QDLEDs in well-controlled environment, I
worked with commercial PbS dots that are typically inferior in quality than house-made
nanocrystals. Moreover, I had to devise a fabrication process and a QDLED architecture
that is both reproducible and robust despite the fact that the fabrication was made under
ambient air, i.e. with all the materials used subject to uncontrolled oxidation. Last, I had
to imagine a QDLED design that emits light from the top of the structure, which is at
odds with most QDLEDs introduced so far in the literature that produce light through a

transparent substrate.

3.1 State of the art

QDLEDs are an evolutional type of LED where the p-n junction of traditional solid-state
LEDs is replaced by a packed film of granular CQDs. The CQD thin film acts as an active
layer emitting spontaneous light when the electrons and holes are electrically injected from
the cathode and the anode, respectively. A typical QDLED also comprises an electron
transport layer (ETL) and a hole transport layer (HTL) that are placed between the active
QD layer and the electrodes. We will see later that these layers do not only transport
carriers from the electrodes to the CQD film but also prevent unwanted electron-hole

recombination outside the active layer.

3.1.1 QDLED as a next generation for many LED applications

Light emitting diodes based on colloidal quantum dots have received a great interest since
the concept was introduced in 1994-95 [141] 142]. QDLEDs are a derivative of organic
LEDs (OLEDs) invented in the late 1980s [143] and the first breakthrough after the initial
demonstrations of the 90s came in 2002 when a record high external quantum efficiency 7

= 0.52% was achieved with a device architecture analog to that of an OLED in which the
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active layer was a film of monolayer quantum dots [I44]. Since then, the performances
are improving regularly and state-of-the-art QDLEDs have external quantum efficiencies
as high as n ~ 20% [108]. Nevertheless, it is admitted that QDLEDs are still in their
infancy stage with laboratory research and development compared to commercial OLED
technologies that have already entered the commercial market with the best OLEDs char-
acterized by n ~ 35.6% [145]. Although the efficiency of OLEDs is still higher than that
of QDLEDs, the latter are considered as having a higher potential for several reasons. In
particular, QDLEDs can be made by solution process except from the electrodes and they
do not require a high purity material to work. This is a significant advantage compared to
OLEDs where the purity of the materials is key for operation, performance, and efficiency.
It should also be stressed out that many aspects of QDLEDs have not been fully exploited
and understood yet and thus there is a plenty of room for improvement of such devices.
Here, I would like to briefly discuss some of the main properties that drive the research of
people interested in QDLEDs. More details can be found in good reviews [146] [47] 148].

Among the QDLED qualities that sparks the interest of the community is their pure
color of emission (narrow emission bandwidth), their color emission tunability over a
significant spectral range and their brightness. As discussed in chapter 1, the electronic
structure of CQDs is governed by the quantum size confinement. Thanks to the advances
in chemical systhesis, it is now possible to obtain a solution of CQDs with monodisperse
size distribution (the variation of the dots diameter is smaller than 5 %) [1511 81 [152],
leading to a narrow spectra of emission and pure color emission.

The second set of advantages of using CQDs in LEDs or other optoelectronic devices
is an economic reason and their versatility in use. High performance devices are still dom-
inated by epitaxial structures that require expensive molecular beam epitaxy, high cost of
operation, maintenance and expensive materials for certain frequency ranges. In contrast,
CQDs are prepared by chemistry synthesis and can be fabricated at room temperature
and pressure with low cost techniques like roll-off [I53] 154], spin coating [106] [55], spray

coating [156] [157], jet printings [I58] 159], or even painting [160].
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Figure 3.1: Capturing some of the state-of-the-art QDLEDs in the literature so far. a)
An inverted device structure for bottom emission [I18]. b) A flexible and top emission
QDLED fabricated for sticker applications [I49]. ¢) An infrared QDLED for bottom
emission using core/shell structure to increase the efficiency [150].

Stability of CQDs to environmental conditions is also one of the properties attracting
the attention of researchers. Although studies showed that photostability of CQDs is
affected to a certain degree by the presence of oxygen and humidity, material scientists
and chemists are able to preserve or even dramatically improve the photostability of

CQDs by many strategies, for example by encapsulating the core CQD by a shell of a

wider bandgap semiconductor , a radially graded alloy shell or by passivating the ligands
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around the dots [I61] 118] 162], or, more recently, by synthesizing the dots with inorganic
ligands [163].

3.1.2 QDLED architectures

Similarly to OLEDs, QDLEDs are based on vertical stacking architectures with one elec-
trode often made by a low workfunction metal and another electrode made of a transparent
oxide. Two categories of QDLEDs can be defined depending on the emission direction.
Regardless of the exact architecture, if the light is coming out of the device from the
substrate, it is called bottom emission; if it is emitted towards the top of the stack, then
it is called a top emitting diode. Here, in this section we review some pros and cons of

each configuration.

Bottom emission QDLEDs

Bottom emission limits the light output coupling with other devices and also poses chal-
lenges if one wants to integrate QDLEDs in circuits. Despite these drawbacks, this config-
uration is still the mainstream in QDLED research because it is inherited from the more
mature OLED technology and is much easier to implement than top emission QDLEDs.
The typical architecture of bottom emitting devices can be seen in Figure 3.2a where a
transparent anode is supported by a transparent substrate and the top electrode is an

opaque metallic layer reflecting the light toward the substrate [106] 164] 155].

Top emission QDLEDs

In parallel to the bottom emission, there have also been a few examples of top emission
QDLEDs [149]. For many display panels that require an active matrix to control the
lighting, this can be achieved with top emission. In addition, this top emission config-
uration increases the light coupling capability and can be adapted to current dominant
silicon technology since the cathode, typically made of opaque metal, is placed on the sub-

strates. This will be a distinct advantage since it allows to integrate LEDs into a circuitry
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Figure 3.2: The two common architectures of QDLEDs. a) Bottom emision QDLED where
the light is transmitted through a transparent anode and glass substrate. b) Top emission
QDLED where light only travels through a transparent/semitransparent anode. This
type of QDLED enables a higher light coupling and offers more versatility for fabrication
on any type of substrate. ¢) The working principles of QDLEDs. Radiationless energy
transfer and charge direct injection are the two main mechanisms behind the operation
of the devices depending on the materials of the carrier transport layers.

with other components like transistors on a single Si substrate. The advantage of the top
emitting devices can be illustrated in Figure 3.2b. The fabrication can be conducted on
any kind of substrate as long as there is an insulating film so that the current from the
cathode will not be leaked in the substrate. The thin transparent anode is the top layer

and the reflecting cathode at the bottom can significantly reduce the absorption of the

electroluminescence.
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3.1.3 Working Principles

It was originally thought that the CQDs films serve as a recombination zone for the
electrons and holes injected from the anode and the cathode [144]. However, Anikeeva
et al showed that there are two mechanisms, direct charge injection and Forster energy
transfer, see Figure 3.2c¢, impacting the recombination and luminescence efficiency of
QDLEDs when the CQDs film is sandwiched between an organic electron transport layer
and an organic hole transport layer [165] 166].

In direct charge injection, electrons and holes are generated from the cathode and
anode, respectively, under a properly applied voltage. The transport layers bring their
corresponding charges into the CQD layer, where they form an exciton that recombines
radiatively or non-radiatively. The transport materials are chosen not only to carry one
type of carriers towards the QD film, but also to prevent short-cicuit by blocking the
migration of the charge carriers with opposite sign. Moreover, a study in which the CQD
film was deliberately positioned at various positions within either the organic HTL or ETL
revealed that the highest luminescence efficiency was achieved when the CQD film was
slightly offset within the HTL [165]. This result indicated that there was another process
which contributed significantly to the radiative recombination in addition to direct charge
injection. To clarify this point, the authors of this work varied the distance between the
CQD film and the interface of the organic HTL and ETL and found that the highest
luminescence efficiency was obtained when the distance was smaller than the radius of
Forster energy transfer. The systematic study illustrated that both direct charge injection
and Forster energy transfer contribute to the external quantum efficiency of QDLED with
organic transport layers.

Recently there has been an increasing interest for replacing the organic transport
layers by inorganic layers that are air-stable and characterized by a higher conductiv-
ity [106] 167, 113]. Moreover, it has been shown in [113] that QDLEDs with inorganic
transport layers operate through direct charge injection only. There has also been some

unconventional way of using inorganic charge transport layers made of isolating materials
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in which injection was obtained by a field-driven mechanism rather than direct charge

injection [168] [169].

3.2 Fabrication of top-emission QDLEDs

3.2.1 Motivations and fabrication strategy

As discussed above, top-emission QDLEDs have been the object of recent interest because
of certain advantages compared to the bottom-emission QDLED such as light output cou-
pling, versatile substrates to use, feasibility to integrate into several technologies. Besides,
a practical reason that drove us to pursue top-emission LEDs is that our characterization
tools are well adapted to this configuration. However, building QDLEDs with top emis-
sion poses many difficulties. When I started to work on QDLEDs in October 2013, no
top-emission QDLEDs has been reported at that time to the best of my knowledge. To
define a fabrication strategy, we first looked at the OLED literature in which a few top-
emission architectures have been published |170] 171] 172] 173]. However, the materials
and the fabrication methods of these studies were impossible for us to implement at that
time. Some of these structures have more than 5 layers and it did not seem reasonable
to pursue such highly complicated architectures for a starting point. Other designs were
much simpler but the materials used were not compatible with our fabrication facilities.
Because of these difficulties, we abandoned the idea of adapting an OLED architecture and
tried instead to revert the fabrication order of the bottom-emission QDLEDs published
in [155).

However, reverting a bottom-emission architecture is not necessarily trivial since it
requires to change the stacking order of layers made of very different materials. In the
process, we have encountered many issues related to adherence, wetability, uniformity
and material compatibility that prevented us from simply inverting the bottom-emission
design of Refs. [I55]. The following section details our choices, the techniques we tried

to make each layers, the problems that we encountered and how we solved it. In the end,



CHAPTER 3. ALL INORGANIC TOP-EMISSION INFRARED QDLEDS 71

our final structures turned out to be quite different from what we had originally in mind.

3.2.2 Fabrication of working and reliable top-emission QDLEDs

The cross-section of our top-emission QDLEDs is depicted in Figure 3.2b. It consists of a
bottom cathode, an ETL, an active CQD film, a HTL and a transparent anode through
which light is emitted. In practice, we fabricate the LEDs on 1 cm x 1 cm substrates. The
substrates are either made of glass or made of Si coated by an insulating layer of silica
deposited by Plasma Enhanced Chemical Vapor Deposition (PECVD) at 380 kHz, 300 °C
and a deposition rate of 11 A/s. The glass substrates and the silica-covered Si substrates
can be used interchangeably in our fabrication process. We fabricate 12 independent LEDs
on each 1 cm x 1 cm sample by creating a matrix of 4 longitudinal cathode stripes and 3
vertical anode stripes. The other layers between the anodes and cathodes cover the sample
homogeneously. The following subsections discuss the material choice and fabrication for
each of the layers and a detailed summary of the whole fabrication procedure can be found

in Appendix C.

Fabrication of cathode

For the bottom electrode, which is a cathode in our case, we select Al as the material for
injecting electrons into the active layer. As illustrated in Figure 3.2¢, the working function
of the cathode should be as small as possible so as to facilitate the injection of electrons
into the active layer. Unlike other good conducting metals, Al has a low working function
of ~» 4.3 eV compared to Au (~ 5.3 eV), Ag (» 4.6 eV), Cu (from 4.5 - 5.1 eV depending
on the crystal phase), and Pt (~ 5.8 €V) [174]. In fact, the exact workfunction of our Al
electrodes is slightly modified by the fact that the samples are exposed in air, resulting in
a thin layer of natural oxide at the Al surface. In order to generate four 500 pm in wide Al
stripes, we aligned our substrate with a shadow mask comprising four rectangular voids
at the location of the cathodes. We have tried two vacuum based techniques: the first

one consisted in DC sputtering Al at 8 pubar in inert gas; however with this technique we
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sometimes obtained stripes with black terminations caused by an uncontrolled source of
contamination. For this reason, we permanently switched to electron-beam evaporation
under better vacuum conditions (p ~ 10-5ubar). Al is evaporated at a rate of 12 A/s to
minimize the surface roughness. Finally, four Al stripes (80 nm thick, 500 um wide and
1 cm long) are generated with e-beam evaporation without any thermal post-treatment.
It is noted that Al has a higher thermal expansion coefficient than other noble metals so
that it is more difficult to maintain a constant evaporation rate if one does not heat the

Al source gradually.

Fabrication of the electron transport layer

The ETL is chosen based on some guidelines. First, the ETL should have a suitable energy
bandgap diagram so that the electrons originating from Al cathode can be injected into
this transport layer while blocking the migration of the holes originating from the top
anode. The transport layer should also have a decent conductivity either through good
carrier mobility or electron tunneling. With these requirements in mind, we have selected
TiO5 as the ETL which has the ionization potential (valence band level) at approximate
7.8 €V, its band gap 3.9 €V, and carrier mobility of 1.7 x 10~* ¢m? V-1 =1 [164]. For this
transport layer, we tried three different approaches to realize it.

First, we tried sputtering a Ti target (99.99%, Kurt J. Lesker) in a Denton chamber
with O, reactive gas in DC mode at a rate of 0.2 A /s and percentage of Oxygen in total
gas is 42 %. This recipes give us a layer of TiO,. An Energy-dispersive X-ray (EDX)
spectroscopic analysis is performed with a Philips XL 30S machine and confirmed that
the chemical composition of Ti and Oxygen are almost the same at different positions
of the sample (atomic percentage of Ti and Oxygen on average are 30.28% and 69.72%,
respectively, corresponding to Ti:053). The advantage of this technique is that we can
obtain a uniform thin film of TiO, with very low surface roughness. Yet, as will be shown
later with Figure 3.11, we discovered that such TiO, coatings had very poor conducting

properties and lead to unstable device performance. These problems can be attribted to
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Figure 3.3: The striation defect as spincoating TiOg occurred in open spincoater. a)
TiO4 solution is spincoated on Al cathode. b) It was coated on a bare substrate. This
problem disappears if the layer is spincoated in a saturated air of parent solvent with a
closed spincoater.

the fact that we do not control the phase of TiO, with this method: as is well-known, only
the anatase phase of TiO, leads to interesting electronic and optoelectronic properties.
In comparison, the other possible phase of TiO, (the rutile phase) as well as amorphous
titania are known to perform poorly and are not adapted to optoelectronic devices.

The second attempt that we have made to achieve a better conducting thin film of
TiO, is spincoating an anatase crystalline form of TiO, paste purchased from Dyesol
(Titania paste, 18NR-T). Unfortunately, this product is meant for realizing thick films of
TiO, and the film needs to be sinterred to achieve the desired conductivity. Efforts of
further diluting the Titania paste to reduce the thickness of the film wer not successful.

The third strategy which finally brought us satisfaction both in terms of thickness and
electrical conductivity is fabricating a mesoporous TiO4 film by spin-coating a solution of
anatase titania nanoparticles (10-12 nm in diameter) in ethanol purchased from Solaronix
on the sample. We have tried this approach after having discovered that it had been
successfully used in [I75]. However, the first attempts proved only partially satisfying
because spin-coating the titania solution always resulted in a macroscopic striation pat-
tern, as illustrated in Figure 3.3. This striation causes a significant modulation of the

thickness across titania film and arises from non-uniform solvent evaporation during the
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spin-coating step. Striation is a problem commonly encountered while spin-coating liquid
solutions onto a substrate and a number of strategies had been proposed to eliminate
this problem [I76] 177, 178]. For example, a secondary solvent with lower volatility and
higher surface tension compared to the parent solvent EtOH (Acetonitrile, Iso-propanol
etc) may be included in the solution so that the secondary solvent will evaporate before
EtOH. Another technique relies on saturating the atmosphere with the parent solvent by
pouring the parent solvent in the bowl of the spincoater and covering the sample with
a big cup. It worked in other works but not in our case even if we have tried with two
different batches of anatase titania. Finally, we were able to eliminate the striation de-
fects totally by completely changing our physical spincoating conditions. We switched to
another spin-coater that operates with a closed lid instead of an open lid, covered the
spin-coater bowl with an ethanol-soaked tissue to saturate the atmosphere with EtOH
and dispersed a pure Solaronix solution at 5000 rpm for 60s to obtain the layer. As will

be shown in Figure 3.7a, the layers thus obtained are of high quality.

Fabrication of the active layer

Upon completion of the electron transport layer, we coated it with a granular film of PbS
CQDs by spincoating a solution of PbS nanocrystals in toluene purchased from Evident
Technologies at 2000 rpm for 15 seconds. The concentration of dots in the solution is 26
mg/ml, their diameter is 5.3 nm and they are surrounded by 2 nm of trioctylphosphine
oxide (TOPO) ligands. After spin-coating the solution in a fume hood under ambient
atmosphere and performing a hot-plate bake at 150 C for 3 mins, a CQD film with an
average thickness of 15 nm was obtained.

Figure 3.4 shows high-magnification top views of our films, showing excellent self-
assembly and no cracks. Note that contrarily to other groups, we did not try to increase

the compactness of the film by changing the initial TOPO ligands with shorter chains.
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Figure 3.4: The carpet of PbS CQDs film. The SEM images of PbS QD film show a
continuous assembly of the dots was formed after spincoating, and there is no big voids
that might cause electrical short circuits.

Fabrication of the hole transport layer

The next layer in the stack is the HTL. Similarly to the electron transport layer, the HTL
is selected in such a way that it satisfies two requirements. The bandgap diagram of the
hole transport material should have proper energy values so that it favors hole injection
within the CQD films while at the same time preventing electrons originating from the
bottom Al cathode from recombining outside the CQD zone. There are a number of
materials that can be selected to satisfy these requirements and our first choice has been
dictated by identifying those that were the easiest to process.

Our first attempt has been to fabricate a HTL with the pi-conjuguated conductive
polymer PEDOT:PSS in a aqueous solution. We used two different sources of PE-
DOT:PSS for our tests, one from Sigma-Aldrich and the other from Heraeus Precious
Metals. PEDOT:PSS is a choice material in optoelectronics because it can be simply
spin-coated on the sample and has excellent semiconducting properties. In the QDLED
literature, in particular, it is very often used as a HTL for bottom-emission architec-
tures. In bottom-emission architecture, the CQD film is coated after fabrication of the
PEDOT:PSS layer while the reverse is true in our case. As it turned out, reversing the

order of fabrication of the two layers resulted in intractable problems.
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The first issue that we encountered while trying to apply a layer of PEDOT:PSS on
top of our CQD film is a problem of wetability that resulted in highly inhomogneous
coatings. This problem arises because of the very high surface tension of PEDOT:PSS
dispersed in water. In order to remedy this problem, we have made several tries that are
feasible in our cleanroom. For example, we repeated the spincoating multiple times until
it fully covered the QDs film. However, the problem of uniformity was still high with this
technique and the average film thickness too high for efficient carrier injection. Another
way to reduce the surface tension of PEDOT:PSS is to introduce an additive in the parent
solution of PEDOT:PSS such as monovalent alcohols (ethanol, iso-propanol) which does
not change the conductivity of PEDOT:PSS film [179] while improving the wetability.
With this technique, we were able to obtain a uniform thin film of filtered PEDOT:PSS
on our CQD films. Alternatively, we found that we could also reduce the surface tension
of the polymer film by spincoating EtOH or IPA prior to PEDOT:PSS application so as

to modify the surface states of the CQD film.
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Figure 3.5: PL of PbS QDs film with and without PEDOT:PSS layer on top. The black
curve is the PL of CQD film by spincoating. The inset shows the top view image of CQDs.
The red curve denotes the PL after a layer of PEDOT:PSS had been coated on top of the
CQD film.
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However, despite this success, we realized afterwards that the PEDOT:PSS solution is
so acid (pH ~ 1.8) that it dissolved the PbS CQDs rested underneath. This problem can
be seen on Figure 3.5 which shows that the photoluminescence (PL) spectrum of a PbS
CQD film disappears almost entirely after coating a layer of PEDOT:PSS on it, indicating
that the dots are either dissolved or melted by the pi-conjugated polymer.

Failure of using PEDOT:PSS as a HTL pushed us to find an alternative material
for transporting the holes. Based on the available literature, we identifed MoO, as a
viable replacement. MoQOj3, or MoQO,, in the case of oxygen deficiency, is used in QDLED
devices and typically formed by either thermal or e-beam evaporation of molybdene oxyde
[118] 180, 18T] [182] 183]. Because this material is not available in the various deposition
machines of the IEF cleanroom, we opted to grow the HTL by sputtering a Mo target
in the presence of oxygen in a Denton sputterer. To reduce the impact of oxygen on the
CQD film, a tradeoff had to be found between the sputtering power and the sputtering
time. The lower the power used, the better for keeping the quality of the CQD film
because it minimizes the collisions on the sample. However, lowering the power leads to
a lower deposition rate, which in turn imposes a longer exposure time of the CQD film
to oxygen. The conditions that we finally adopted were sputtering a Mo target (99.98 %,
Kurt J. Lesker) in a (15% O, and 85% Ar) gas environment at a relative pressure 10 pubar
and a rate 0.2 A/S. EDX analyses of our sputtered layers reveal that the oxide is made
of MoO, and MoOs.

Fabrication of the top anode

The top anode is made of Indium Tin Oxide (ITO), an optically transparent material
currently used in optoelectronics. Similarly to the four bottom Al cathodes, we use a
shadow mask to define 3 I'TO stripes per sample. These stripes are rotated by 90 degrees
with respect to the Al cathodes, resulting in a matrix of 12 LEDs after completion of the
sample.

The ITO deposition is made with the same Denton sputterer previously used for
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growing the MoO, HTL. This step has proven suprisingly difficult to harness because of
several competing factors that had to be satisfied simultaneously. First, the resistivity
of the ITO layer must be as low as possible. This can be in principle achieved with
amorphous ITO coatings or polycrystaline coatings with large grains that have much less
trap states than polycrystaline coatings with small grains. Second, the I'TO electrodes are
patterned on top of a multilayer structure so it is important to minimize the internal stress
that may compromise the stack. Such conditions are usually met with polycrystaline ITO

coatings with very small grains, i.e. with poor conductivity.

Figure 3.6: Delimination defects of sputtered ITO on soft film of PEDOT:PSS. a) De-
lamination sites appear immediately after sputtering. b) The delamination of ITO on
PEDOT:PSS immediately after sputtering or in some cases the delamination was a con-
sequence of propagation of delaminated sites due to the applied potential. ¢) The de-
lamination appears outside and onsite of the overlapping between ITO and Al electrodes.
d) The cross section view of ITO delamination on PEDOT:PSS, where delaminated ITO
does not adhere on Pedot.

In order to solve these conflicting requirements, we conducted a series of tests on
samples with PEDOT:PSS as the underlying HTL. As explained above, PEDOT:PSS
turned out to be a wrong choice and we eventually switched to MoO, but we did not
realize this while we were developing our recipe for the ITO electrodes. However, the

following discussion and conclusion remain valid for samples with MoO , as the underlying
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HTL.

Sasabayashi et al showed that a powerful mean to control the composition of ITO
coatings was to adjust the pressure conditions during sputtering [I84]. For polycrystalline
films, the higher sputtering power, the larger grain size of ITO can be obtained, thus a
better conductivity but typically a larger internal stress ensues. We first try to sputter
ITO at a moderate pressure (8 pbar), for which a 100 nm thick polycrystal is formed, and
with a power density 1.75W/cm? at a rate of 2.7 A /s. However, the ITO stripes always
showed delamination with this recipe, as illustrated on Figure 3.6. The delamination can
be seen as soon as we finish sputtering ITO, either at isolated sites as in Figure 3.6a, or in
a more invasive way as in Figure 3.6b. And even if the initial delamination is low, is will
spread over all the electrode upon application of a bias voltage as shown on Figure 3.6c.
For the sake of documentation, we show in Figure 3.6d a scanning electron micrograph
of a sample cross-section exhibiting delamination: clearly, the ITO is bent above the
underlying HTL, a sure sign of high internal stress.

To enhance the mechanical adhesion between the ITO anode and the HTL, we have
adopted a two-step sputtering deposition in sequence at the same pressure condition of 8
ubar. The first step is carried out at lower power density (0.65 W/cm?2, rate 0.5 A /s) so
that smaller ITO grains are formed on top of the HTL, resulting in a 10-nm thick layer
with less internal stress. We then sputtered a thicker (80 nm) and less resistive layer at
the power 1.75 W/cm? and a deposition rate of 2.7 A/s. As showed in Figure 3.7, ITO
sputtered by this two-step technique completely solved the delamination problem.

All these developments were performed with PEDOT:PSS as the underlying HTL.
We kept the same two-step strategy after we switched to HTLs made of MoO , and were
equally successful.

It is noted here that when ITO is sputtered as the last layer of the stack, its work
function is significantly smaller than the values reported in the literature. In devices where
ITO is used as the bottom electrode, it is typically processed with surface treatments such

as an ozone bath and/or oxygen plasma to increase the working function to 4.6 - 4.8 eV.
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Al

Top transparent anode
sputtered by two steps:
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Figure 3.7: Delamination-free sputtered I'TO was achieved by two-step processing instead
of one sputtering process. A two step procedure of sputtering with lower power first and
increasing the power after that reduced the mechanical stress to maintain a good stitching
with the layer underneath.
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Figure 3.8: Schematic of the final QDLED device and its working principle. This final
architecture is quite different from our initial design based on related articles in the
literature. a) The final architecture of top emitting QDLED begins with a reflective
cathode of Al, a layer of transporting electrons - TiOs, an emitting layer of PbS QDs,
a layer of transporting holes - MoO,, and top layer is a transparent anode ITO. b) The
energy level diagram of the device and the charge direct injection is responsible for the
working mechanism of the device.

In contrast, it has been documented that as-sputtered ITO without any further surface
treatment has a lower work function of 4.3 eV [185] L86]. Such is the case of our samples
and this lower work function creates a higher potential barrier between the MoO, HTL
and the ITO anodes. To reduce this barrier, it is possible to insert a thin buffer layer
of high work function metal (e.g. Pt, Pd or Au) between the MoO, and ITO layers
[187, 188]. We have verified that this strategy also worked in our case and resulted in

LEDs with lower resistivities. However, we preferentially worked without this extra buffer
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layer for two main reasons—first, to speed up the fabrication cycle and second, because
even a non-continuous thin film of Pt, Pd or Au significantly increased the opacity of the

stack.

3.2.3 Summary

To sum up the fabrication procedure, we finally obtained a viable architecture after num-
bers of trials and errors. The final composition of our top-emitting QDLEDs is illustrated
in Figure 3.8a. It includes an opaque Al cathode (80 nm), an ETL of mesoporous anatase
TiOy with a thickness of 60 nm, an emitting layer of PbS CQDs with a thickness of
approximately 15 nm, a 10 nm thick HTL from MoO,, and a 90 nm thick transparent
anode made of a bilayer of ITO. We can plot roughly the energy level diagram of the
device, as shown in Figure 3.8b. The energy diagram of the inorganic QDLED ensures
that the operation of the LED is only through the direct charge injection, where the closed
black circle denote injected electrons from cathode, whereas opened circles illustrates the
injected holes from anode. A detailed recipe of the working devices is given in Appendix

C. Now it is time to discuss and quantify the behavior of the devices that we have made.

3.3 Characterization of top-emission QDLEDs

To characterize our samples, we rely on a combined photoluminescence (PL) and elec-
troluminescence (EL) measurement setup depicted in Figure 3.9. There are two kinds of
sources to pump the QDLEDs: one is a continuous He-Ne laser emitting at 632.8 nm to
characterize the PL spectra of QDs, the other is Keithley 2636A sourcemeter for taking
EL images and recording EL spectra.

The PL or EL signal originating from the sample is collected by an IR-coated objec-
tive mounted to a microscope (Olympus BX51 WI) and sent either towards an IR camera
(Xenics-Infrared Solutions) for imaging or towards a Jobin-Yvon grating spectrometer cou-

pled to a nitrogen-cooled InGaAs detector (Jobin-Yvon Symphony II) to obtain spectral
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Figure 3.9: Experimental setup used for measuring the EL images, EL. and PL spectra.
Since we are working with top-emission QDLEDs, it is not necessary to require an inverted
microscope. A normal microscope is the central part of the setup to perform all tasks.
The inset captures a part of the setup while recording PL spectrum.

information. A switchable metal-coated mirror is used for switching between recording
EL images and collecting EL spectra and a special beam splitter is used to separate the
red laser light pump from infrared signal of the CQD. The inset of Figure 3.9 displays an
image of a part of setup while imaging EL and collecting EL spectral data.

We first briefly comment on the QDLEDs that used sputtered TiO, as an ETL. Figure
3.10b shows that the device lights up under positive bias voltage with a square pattern
that corresponds to the intersection of the ITO and Al. We also verified that no light
appears under reverse bias voltage. Combined with current-voltage characteristics of
this devices, plotted as a black curve in Figure 3.11, we can state that our QDLED has

rectifying behavior, proving that we have successfully fabricated an all-inorganic QDLED.

Yet, a considerable limitation of this LED with sputtered TiO, serving as ETL is its poor
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stability. For example, if one keeps the voltage constant at 9 V, which is 2 V higher than
the threshold level of this device, the infrared light of the QDLED fades quickly away and

become almost dark after 15 minutes, see Figure 3.10b.

Cathode Al 80nm

Si0, 500nm

b)

QDLED top view 9V after 1 min 9V after 10 min

Figure 3.10: The performance of the all-inorganic QDLED with sputtered TiO , serving as
the electron transport layer. a) The architecture of the device. b) The optical image of the
device and its performance. The electroluminescence images show that the luminescence
fades away very fast.

As explained in the previous section, the main culprit for these poor performances
is that our ETL made of sputtered TiO, is not in an anatase phase, which is the only
phase that is compatible for electronics and optoelectronics. For this reason, we have
permanently switched to ETLs made of mesoporous layers of anatase TiO , nanoparticles.
Figure 3.11 compares the characteristics of QDLEDs with sputtered TiO, and anatase
TiOy ETLs: clearly, both the I-V curve and the infrared light intensity are significantly
better in the latter case. In addition, QDLEDs with anatase TiO, ETLs are stable, as
will be discussed later with Figure 3.13.

At this stage, we have experimentally demonstrated that we were able to produce a
stable and working top emitting QDLED. To further optimize the device, we have adjusted

the thickness of the MoO, HTL, as shown in Figure 3.12 where the current characteristics
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Figure 3.11: The comparison of the QDLED’s performance between two materials serving
as ETL: a thin (23 nm) sputtered amorphous TiO, and a thicker (60 nm) anatase spin-
coated TiO, nanoparticles. The current-voltage comparison of the devices with two ETL
materials and the EL images of the corresponding device. Note here that all the other
layer are processed in the same batch, experience the same conditions except the ETL.
The images are EL of QDLEDs recorded at 9V after 5 minutes.

of two structures with 40 nm and 10 nm of MoO, are plotted. The I-V of the QDLED
with 10 nm of MoO, (red curve) shows a better rectifying behavior and a higher current
compared to the device with a thicker (40 nm) MoO, layer. We also observed that the
luminescence of the QDLED with 10 nm of MoO, is more stable compared to that with
40 nm of MoO,.

Finally, Figures 3.13 and 3.14 detail the characteristics of the final structures whose
architecture is given in section Figure 3.13a shows the I-V characteristics of the
QDLEDs as the bias voltage is cycled through positive and negative values. The [-V stays
stable after several ramping up and ramping down sequences but exhibits a hysteresis
behavior that we attribute to the presence of TiO, in the stack (TiO; is a well-known
memristive material [I89]). Another aspect of stability was shown in Figure 3.13b. The EL
images illustrate the stability of our QDLEDs over time for a bias voltage slightly higher

than the turn-on voltage for EL. This stability is probably the most valuable feature of
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Figure 3.12: A comparison of the QDLED’s performance with different thickness of the
hole transport layer. The black I-V curve is for 10 nm thick of MoO,, whereas the red is
for 40 nm thick of MoO,. Although their luminescence are quite equal, the thinner MoO
is preferred because a better rectifying behavior might offer a lower turn-on voltage and
more stability.

our QDLEDS because it guaranties that their properties do not change while we measure
them. Figure 3.14a and 3.14b show the optical image and EL image of the junction at
10X, respectively, taken by a 10X objective. Figure 3.14c simultaneously displays the
EL intensity and current density as a function of the applied voltage (to simplify the
discussion, we have not plotted the hysteresis): it can be seen that the turn-on voltage
occurs approximately at 6.5 V. In comparison, the state-of-the-art infrared QDLEDs in
the literature so far operating with PbS CQDs have a turn-on voltage at approximately
2V [150]. We attribute the poorer performances of our devices by the fact that we work
with commercial CQDs and uncontrolled atmosphere. However, we will see in the next
chapter that it will not be an issue for the final goals of this thesis. The EL and PL spectra
of our devices are plotted in Figure 3.14d and are well superimposed: both exhibit a peak
around 1400 nm, as expected given the material (PbS) and size (5.3 nm) of the CQDs

used in the device. It should be noted that the pronounced wiggles exhibited by the

spectra in the 1350-1430 nm window are measurements artifacts due to water absorption



CHAPTER 3. ALL INORGANIC TOP-EMISSION INFRARED QDLEDS 86

a) 1.2
1.0

0.8
0.64
0.4+
0.2

04

Current density(A.cm'z)

24+ "1
-10 -8 6 4 -2 0 2 4 € 8 10

Voltage (V)

b) Stability of QDLED overtime

after 1min after 15min after 30min

Figure 3.13: The complete hysteresis (-8V to 8V) of QDLED for the optimized configu-
ration: Al 80 nm/anatase TiOy 60 nm/QDs 15 nm/MoO,10 nm/ITO 90 nm. The LED
shows typical I-V curve with turn-on voltage around 6.0 V. b) The stability of LED at a
voltage slightly higher than the turn-on voltage.

lines in the atmosphere.

In addition, we verified that all the characteristics of Figure 3.13 and 3.14 were stable
over days if not weeks and also that they were reproducible if one repeats the fabrication
process. Such stability and reproducibility are not straightforward results for two reasons.
First, we have seen in chapter 2 that the same PbS CQDs are subject to photoactivation
and a systematic blue-shift over time when they are embedded in a sol-gel matrix. Here,
in contrast, the spectra shown in Fig. 3.14b do not change over time, indicating that the
stack is chemically stable. Second, we process our samples under ambient atmosphere

rather than in an inert glove-box environment as most other teams do. As a result, each

layer of the stack is exposed to oxygen before being covered by the next one, resulting in
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Figure 3.14: Summary of the basic characteristics of the optimized QDLED. a) The optical
image of the device. b) A pretty uniform EL image of the optimized QDLED at 9V.c)
The current density - voltage (J-V) and light-voltage (L-V) of the QDLED are traced
simutaneously. d) The EL and PL spectra of the QDLED.

uncontrolled oxidation that could have led to high rate of unreliability from one sample
to another. We attribute the high stability of our structures by the fact that most layers
are inorganic oxides. Moreover, it is probable that the most sensitive layer, that is, the

film of PbS CQDs, is passivated when exposed to the plasma that we use to cover it with

sputtered MoQO,.

3.4 Conclusion and Remarks

In this chapter, I have learned and developed an expertise on QDLEDs that did not exist in
my group. In addition, I have worked on a QDLED configuration emitting light through

the top of the structure rather than by the substrate. I could not simply reproduce
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a design already published in the literature because such top-emitting devices did not
exist at the starting time of the project. The QDLEDs that we have fabricated are not
state-of-the-art devices: for example, their EL turn-on voltage is around 6.5 V, which is
approximately 3 times higher than the best infrared PbS-based QDLEDs reported in the
literature. Nevertheless, our samples are stable and reproducible and therefore can serve
as a reliable platform to develop new hybrid metamaterial/CQD optoelectronic devices.
These developments are described in the next chapter: in particular, we will see that the
introduction of a suitably-designed metamaterial within the architecture of our QDLEDs

transform them in a radical manner.



Chapter 4

Metamaterial QDLEDs

In this chapter, we will show that metamaterials and CQD films can be hybridized to form
a new type of active artificial medium for optoelectronic applications. Before describing
these findings, it is worth noting that our goals were rather modest at first. Originally, our
main target was merely to enhance the electroluminescence (EL) of the QDLEDs devel-
oped in chapter 3 by taking advantage of the plasmon resonances of the Au nanoparticle
arrays studied in chapter 2. Similar efforts have been undertaken by other groups who
have reported moderate EL enhancement by embedding plasmonic nanoaparticles within
various QDLED architectures [190} 191]. In these studies, the plasmonic nanoparticles are
colloids that are randomly distributed within one of the charge transport layers bounding
the active CQD film. This approach makes it possible to boost the EL by a few times with
no noticeable changes in the electrical and spectral properties of the QDLEDs. Moreover,
it does not overly complicate the fabrication process since plasmonic colloids are compat-
ible with the low-cost deposition techniques such as spin-coating that are typically used
to fabricate QDLEDs.

In this thesis, in contrast, we have opted to work with lithographied nanoparticles
rather than plasmonic colloids because we can precisely control the shape and respective
positions of the different inclusions. In order to maximize the interactions with the CQD

film, we have tried to place the Au nanoparticle arrays at various positions within the top-
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emitting QDLEDs of chapter 3. Our initial attempts were inspired by two considerations:
(i) the Au nanoparticles should not be too close from the bottom Al electrode which
would otherwise perturb the plasmonic resonances and (ii) the Au nanoparticles should
not be in direct contact with the CQD film in order to avoid non-radiative energy transfer
(quenching). As it turns out, all our initial efforts resulted in a suppression of EL rather
than the expected enhancement. These failures came as a surprise based on our experience
in photoluminescence experiments developed in chapter 2: for systems that are pumped
optically, the presence of metallic inclusions in the vicinity of emitters almost always
lead to an enhancement of the luminescence. Clearly, this is not the case for electrically
pumped systems, probably because the exact location of the plasmonic arrays strongly
influences the efficiency of electrical injection.

Eventually, we realized that it was necessary to coat the CQD film directly on the
metallic inclusions to observe a boost in the EL intensity. This is the configuration
that is described in the present chapter. We will first discuss the fabrication and exact
geometry of the devices and then explain that it does not only lead to a tremendous
enhancement of the EL intensity, but also to radical changes in the operation principle of
our QDLEDs. Finally, we will show that such plasmonic nanoparticle arrays coated with
CQDs represent a true novel form of artificial active medium that makes it possible to

weave complex light-emitting metasurfaces.

4.1 Fabrication of metamaterial QDLEDs

The fabrication procedure is exactly the same as the one described in chapter 3 for con-
ventional QDLEDs, except that we insert an array of Au nanoparticles between the meso-
porous TiO, layer and the film of PbS CQDs, as schematically shown on Figure 4.1b. As
before, we work with samples fabricated on 1 x 1 ¢cm? insulating substrates, with a total
of 12 independent LEDs on each of them. For each sample, we insert a Au nanoparti-

cle array in the architecture of 10 of the LEDs and leave the last 2 LEDs without metal
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a) b) |
Metallic inclusions Reference QDLED @
PbS CQDs film Metallic
inclusions
TiO, 60nm
Si0, 500nm

Figure 4.1: The design of metamaterial QDLED. a) Top view of the structure with Al
cathode at the bottom, ITO anode on the top and the metamaterial will be integrated in
between. b) A side view of the full designed architecture of metamaterial QDLED.

structuration so as to serve as reference devices. This arrangement is schematically shown

in Figure 4.1a which depicts two independent LED devices, one with metallic inclusions

and the other without. All the details of the fabrication can be found in Appendix D.

mtegrated metamaterials

Figure 4.2: The optical view of fabricated samples as the metamaterials are integrated
within the QDLED. a) The optical top view of a QDLED with a 100 x 100 um? array of
nanorods is integrated inside. b) The optical image of a metamaterial QDLED where a
3x3 matrix of 100pum x 100pum arrays of nanoring is inserted inside.

The arrays of Au nanoparticles considered here are thinner than those studied in
chapter 2 (the Au thickness is only 25 nm) but otherwise their fabrication follows the
same combination of electron-beam lithography, Ti/Au deposition and lift-off. The only

additional difficulty is that the Au nanostructures must be placed at the precise location of

the LEDs, i.e. where the Al cathodes and ITO anodes overlap (Figures 4.1a and 4.2). To
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this end, we have developed an alignment procedure whereby we use the scanning electron
microscope of the lithography setup to manually locate the Al cathodes that are buried
under the TiO, layer. We then define the local coordinates of each Au nanostructure
array with respect to the cathode positions and with respect to the location of the ITO

anodes that will be patterned at the end of the fabrication process.
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Figure 4.3: The nanostructures fabricated on a mesoporous thin film of anatase TiO .
Two different shapes including a) nanoring structure, b) magnified nanorings, and c¢) array
of nanorod, d) a magnified view of the nanorod array.

Figure 4.3 shows SEM micrographs of representative nanoparticle arrays. We have
worked with nanorings as in chapter 2 as well as with nanorods that will be used for
their polarization properties. Besides chosen for polarization, the nanorods exhibiting
the resonance closely at the emissive wavelength of the quantum dots is another reason
that the structure is selected, see Appendix E for further discussions. These images show
the good quality of our structures, a result all the more remarkable that they are not
fabricated on a smooth, conventional substrate, but on a mesoporous layer of spin-coated
TiO2 nanoparticles (see chapter 3 and appendix D).

To gain quantitative insight on the surface roughness of the TiO4 layer and why it
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Figure 4.4: AFM characterization of morphology of nanorings on TiO, thin film. (a)
AFM image of the surface of the anatase TiOs thin film. Mean (arbitrary) altitude:
17 nm and RMS roughness = 4.6 nm. (b) AFM image of the surface TiO, with gold
nanorings patterned on top of the film. It is noted that the center of nanorings are not
well resolved due to the cumbersome size of AFM tip.

can serve as an efficient support for high-quality lithographied metallic patterns, we have
characterized our samples with atomic force microscopy (AFM). Figure 4.4a shows that
the RMS roughness of the bare TiO4 surface is approximately 4.6 nm—a value consistent
with the fact that the diameter of the particles forming the TiO5 mesoporous film is on
the order of 5 nm. When coated by the 25 nm thick Au nanostructures, Figure 4.4b,
the size of the surface inhomogeneities increases and become dominated by the metallic
grains, explaining why the resulting patterns are very similar to those obtained on the

smooth glass substrates of chapter 2.

As explained in the introduction and illustrated in Figure 4.1, all the effects that will
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Figure 4.5: The SEM view of nanoparticle arrays coated by a PbS CQDs film. a) A titled
view of PbS CQDs coated on top of nanorings. b) A magnified view of PbS CQDs coating
a nanoring seen at normal incidence. ¢) A titled view of PbS CQDs films coated on arrays
of nanorods; d) A magnified view of PbS CQDs distributed with respect to a nanorod at
normal incidence.

be described below result from the fact that the PbS CQDs are directly coated on the
plasmonic nanoparticle arrays. Therefore, it is important to understand how the CQDs
self-organize when they are spin-coated on the sample. We have used the same spin-
coating parameters as those utilized to fabricate our conventional QDLEDs in chapter
3: namely, we spincast a 26 mg/mL solution of PbS CQDs in toluene at 2000 rpm onto
the sample and perform a soft-bake at 150 °C in air, which results in a 15 nm thick
CQD film. Figures 4.5a and 4.5c are SEM micrographs of the coating of PbS CQDs
on top of nanorings and nanorods at a tilted angle and a magnification of 70kX. At
this magnification, it is not possible to distinguish the dots and we clearly see the Au

nanostructures due to the small thickness of the CQD film. To have a more quantitative
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idea of the local organization of the PbS dots, we have imaged the structures at normal
incidence and 250 kX (Figures 4.5b and 4.5d). One can see that the CQDs form a uniform

coating both on the Au inclusions and on the underlying TiOs substrate.

Figure 4.6: The cross section view of a completed metamaterial QDLED. The sample was
prepared on Si substrate with approximately 80 nm of Al stripe, followed by 60 nm of
TiO4, 25 nm thick of lithographed Au nanorings, 15 nm + 4 nm of PbS QDs, 10 nm of
MoO,, and 80 nm thick of sputtered I'TO.

To summarize the fabrication procedure, we show in Figure 4.6 a cross-section of a
finished device. This cross-section has been made in the middle of a Au nanoring, so we
see two gold regions corresponding to each side of the ring. Most of the layers composing
the stack are clearly visible, to the exception of the film of PbS CQDs and the MoO ,
HTL which are too thin to be clearly resolved and also probably compressed by the cut.
Interestingly, the layers coated on top of the Au nanoring are conformed above it, but the

resulting internal stress is too weak to delaminate the sample.

4.2 Metamaterial QDLEDs: qualitative observations

In this section, we characterize the behavior of our metamaterial QDLEDs with the same
EL and PL setup that we used in the previous chapter. We first consider a QDLED with

a gold nanoring array with period 450 nm, inner ring radius of 30 nm and outer ring
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radius of 88 nm in its architecture, as displayed in the image inset in Figure 4.7a. These
geometrical parameters are such that the Au inclusions have a filling factor of 11 %. The
surface occupied by this array is limited to 200 by 200 pm, so it is smaller than the overlap
between the Al and ITO electrodes (we remind the readers that the electrodes are 500
um wide, so that each LED has a total area of 500 wm by 500 wm). This particularity
can be seen on the optical image of Figure 4.7a where the ring array appears as a dashed

purple square within the larger orange-shaded LED.
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Figure 4.7: Images of metamaterial QDLED and its characteristics. a) Optical image of
the metamaterial QDLED. The 200 x 200 pm? of Au nanorings (inner, outer radii and
thickness are 30, 88, and 25 nm, respectively) integrated within the overlapping area of
ITO and Al electrodes. b) The infrared electroluminescence image from the metamaterial
QDLED. ¢) The L-V and J-V of the metamaterial QDLED taken simultaneously. d) PL
and EL spectra of PbS QDs and of the metamaterial QDLED.

The emission characteristics of such a device are very different from that of the con-

ventional QDLEDs studied in chapter 3: when subjected to a positive bias voltage, light
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emission occurs only above the region occupied by the ring array (Figure 4.7b) rather than
over the whole LED area defined by the overlap of the Al and ITO electrodes. To gain
more quantitative insight, we plot in Figure 4.7c the electroluminescence intensity (L-V)
and the current density(J-V) of the devices as a function of the applied voltage (here
the current density is calculated by normalizing the current to the area occupied by the
metallic arrays instead of the whole junction). Figure 4.7c shows a dramatic change of the
L-V and J-V characteristics compared to those of the conventional QDLEDs of chapter 3
(cf. Figure 3.14). In particular, the EL turn-on voltage, which used to be approximately
6 V for our conventional LEDs, is reduced to 1.5 V as shown better in the inset of Figure
4.7c. This, to our knowledge, is the lowest turn-on voltage ever reported for PbS-based
QLEDs operating under ambient air and is in line with the most state-of-the-art QDLEDs
operating under the Ny environment [I50} 192]. It is accompanied by an L-V curve that
is much steeper than in the case of the conventional LED so that, the electroluminescence
intensity, at any given voltage, is enhanced by several orders of magnitude compared to
our conventional QDLED:s.

Figure 4.7d shows the EL and PL spectra of the metamaterial QDLED as well as the
PL spectrum outside the metallic patterns. The PL above the Au inclusions shows a
significant enhancement, demonstrating that the CQDs are not quenched by the metal,
probably because of their long ligand chains (2 nm). It is also worth noting that the
spectral signature is similar to that of the PbS CQDs outside the metallic array but we
will see later with other structures that it is generally not the case. Last, one can notice
that the 1350-1450 nm spectral window is again perturbed by the absorption lines of
water present in the atmosphere, just as in chapter 3.

In a next step, we show that these properties are independent from the total size of
the nanoparticle arrays. Figure 4.8 shows the light emission from metamaterial QDLEDs
with the same geometrical parameters of the nanorings used in Figure 4.7, except that the
total size of the plasmonic array varies from 100x100 um? to 400x400 pm? with an incre-

ment of 100x100 um?. In all cases, the bias voltage is 4V and one can see that the light
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100 x 100 pm? 200 x 200 pm? 300 x 300 ym? 400 x 400 pm?2

Figure 4.8: Electroluminescence with small nanoring QDLED. a), b), ¢), and d) are the
electroluminescence images of the small nanoring metamaterial LEDs with areas ranging
from 100x100 to 400x400 pwm?, respectively. All the images were recorded at the same
applied voltage 4V. Note that small red ellipses marked in a), b) and ¢) corresponding
to the dead zone, no light appearing, due to the carbon contamination while exposed to
high energy electron-beam of the SEM imaging.

intensity is constant from one structure to another. Before providing more quantitative
data, we note in passing that all QDLEDs have small dark inhomogeneities (circled in red
on the figure): these darker spots correspond to the zones that were observed by SEM
microscopy prior to CQD deposition and that have thus been exposed to a slight carbon

contamination [193]. These observations illustrate the high sensitivity of the phenomena

that take place within the structures.
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Figure 4.9: The J-V (a) and L-V (b) curves and EL spectra (¢) of metamaterial QDLEDs
as the ring array area is varied from 100x100 wum? to 400x400 pm?.

Figure 4.9a shows the current density-voltage characteristics of the same series of
metamaterial LEDs. All J-V curves are very similar, further demonstrating that the
characteristics of the devices are largely independent of the size of the nanoparticle ar-

ray. It might be argued that the curves seem to be regrouped in two sub-groups but
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we attribute this effect to experimental errors because we have noticed that the mea-
sured current density depends on the exact location of the electrical probe on the ITO
electrode—because our I'TO has a significant resistivity, the current density falls if the
probe is too far away from the LED junction. As for the EL intensity-voltage (L-V)
curve, Figure 4.9b reveals that it is also very constant from one structure to the other,
in good agreement with the images of Figure 4.8. In addition, we note that the L-V
curves are strongly correlated with their current density-voltage (J-V) behavior since the
current flowing through the LEDs begin to rise at about the same biases as the turn-on
voltages where light emission occurs. To complete this qualitative description, Figure 4.9¢
plots the spectra of the four metamaterial QDLEDs. Similarly to the J-V curves of figure
4.9a, there are a few variations among the different spectra but no monotonous trend as
the size of the nanoparticle array increases. Again, we attribute these small changes to

experimental uncertainties.
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Figure 4.10: The hysteresis comparison of metamaterial and reference QDLED. The hys-
teresis of the metamaterial QDLED is plotted from 400x400 pum? of the nanorings.

Finally, we emphasize here that, as was the case for our conventional QDLEDs in
chapter 3, both the J-V and L-V curves exhibit an hysteresis due to the presence of TiO,
in the architecture of our devices—a material known for his memristive properties |189].
This effect is illustrated in Figure 4.10 that shows the full J-V curve of the sample with

the ring array having the largest area (400x400 pm?) along the J-V characteristic of a
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reference QDLED without metal structuration.

We next repeat these experiments for a new series of metamaterial QDLEDs in which
the Au rings and their period is larger (inner radius 73 nm, outer radius 157 nm and period
600 nm, corresponding to a higher filling factor of 17%). The fabrication of this set of
devices was a little less successful as the previous one, resulting in noticeable defects within
the structures. Figure 4.11 illustrates this point by showing the light emission as the area
of the nanoring array is increased from 100x100 um? to 400x400 um?. Nevertheless, each
structure features good areas that are large enough to extract meaningful data from these

samples.

100 x 100 pm? 200 x 200 ym? 300 x 300 pm? 400 x 400 ym?

Figure 4.11: Electroluminescence with arrays made of larger nanorings (big rings: inner
and outer radii and period are 73, 157 and 600 nm, respectively). a)-d) displays the
electroluminescence of metamaterial QDLEDs with nanoring arrays ranging from 100x100
um? to 400x400 wm?, respectively. The electroluminescence images are recorded at 4 V,
the cyan square lines denote the boundary of the full QDLED.
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Figure 4.12: The J-V (a) and L-V (b) curves of the corresponding metamaterial QDLEDs
of Figure 4.11.

Figure 4.12 shows that with this geometry also, the J-V and L-V curves are largely
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independent of the size of the nanoring array. However, the threshold voltage is higher
than the structures with smaller rings studied previously (around 2V instead of 1.5 V,
which is still much lower than the threshold voltage of the conventional QDLEDs of
chapter 3). Moreover, the spectral signature of this series of QDLEDs is also different,
as shown with the EL and PL spectra of Figure 4.13 where a pronounced shoulder can
be observed at a wavelength of 1270 nm in addition to the main peak located at 1430
nm. As a corollary, the EL and PL spectra of the metamaterial QDLEDs are significantly
different from the spectrum of the PbS CQDs located far from the ring array (plotted in

in black on Figure 4.13b).
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Figure 4.13: The luminescence spectra of metamaterial QDLEDs and a pure QDLED. a)
The EL spectra of metamaterial QDLEDs as the ring array area is varied. b) A spectral
comparison of pure QDLED and metamaterial QDLED.

To conclude this descriptive section, we have presented the characteristics of two series
of metamaterial QDLEDs and observed in all cases that light was only emitted above the
Au nanoparticle arrays and that the geometry of the latter (but not their total area) had
a strong influence on the optical and electrical characteristics of the devices. The next

section will clarify this behavior with more systematic comparisons.
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4.3 Metamaterial QDLEDs: mechanism hypothesis

To gain insight into the metamaterial QDLED operation, we compare in a quantitative
way the behavior of the different structures that we have considered so far (that is, the
metamaterial QDLED with small rings and filling factor 11 %, the metamaterial QDLED
with large rings and filling factor 17% and a reference QDLED without metal nanostruc-

ture). Figure 4.14 shows the L-V and J-V curves of the three types of devices, clearly
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Figure 4.14: Comparing L-V and J-V of QDLED in the presence and absence of the
metamaterials. a) The metamaterial QDLEDs shows a pronounced enhancement of EL
intensity compared to the standard QDLED. However, the order of EL enhancement
depends on the inner geometry used. b) The current densities of the corresponding devices
exhibit a similar trend in which much higher current passes through the devices with
metamaterials and the increase of the current is also dependent of the geometry used
within their devices. The same color code is used for both graphs.
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illustrating the benefit of inserting metallic nanostructures in the design of the QDLED.

4.3.1 Role of plasmonic resonances

Figure 4.15a superimposes the EL spectra of the different devices. The reference QDLED
is characterized by a broad spectrum centered around 1450 nm (green curve), the EL
spectrum of the metamaterial LED with small rings is slightly shifted toward longer
wavelengths (blue curve), while the metamaterial LED with larger rings exhibits much

more complex features such as the apparition of three new peaks at smaller wavelengths

(red curve).
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Figure 4.15: Comparison of the EL spectra with the reflectance signals of the metamaterial
QDLED. a) The EL spectra of small and large nanorings. b) The reflectance spectra of
the corresponding structures. The spectra of both panels have the same color codes with
the blue and red curves corresponding to small and big nanorings, respectively. A green
curve is the EL of the reference QDLED.

The strong dependence of the EL spectra on the ring geometry indicates that the
metamaterial LEDs operate through the excitation of localized surface plasmons. To
confirm this hypothesis, we have measured the reflectance spectra of the structures by

Fourier Transform Infrared (FTIR) spectroscopy and found the same resonances, as shown
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in Figure 4.15b. In these experiments, the structures are illuminated from the I'TO side.
Due to the presence of the Al electrodes on the bottom side, most of the incoming light
is either reflected back toward the objective and the FTIR spectrometer or, if a surface
plasmon resonance is excited, scattered and absorbed, producing a distinctive minimum in
the reflection spectrum, see Appendix E for further discussion of the decreased reflectance.
The experimental curves of Figure 4.15b are in excellent agreement with the EL spectra
of Figure 4.15a. The metamaterial LED with small rings exhibits a broad minimum
at 1500 nm, which corresponds to the fundamental plasmon mode of the nanorings. In
contrast, the fundamental resonance of the structure with larger rings and period is shifted
outside the spectral range of emission of the LED but one can see that three higher-
order plasmon resonances are excited at the same wavelengths as the EL maxima of
Figure 4.15a. Such spectra with higher order modes can be reproduced with numerical
simulations, as the group has shown for example in Ref. [59] . These features explain
why the metamaterial LED with small rings is the brightest device (Figure 4.15a): the
surface plasmon resonances, occurring at 1500 nm, are almost exactly matched with the
intrinsic electroluminescence of the PbS CQDs (black curve of Figure 4.15a). In contrast,
the plasmonic boost provided by the larger rings of the second metamaterial LED occur
at wavelengths where the PbS CQDs emit less light, so even if the relative enhancement
is similar, the absolute intensity is smaller.

It is remarked that the plasmonic resonances can be directly seen in the electrolumi-
nescence spectra (i.e. without significant shift or change in the linewidth of the peaks) is
not a trivial result. As discussed in chapter 2 for PbS CQDs embedded in a dielectric host
matrix, it may well indicate that the dots emit through surface states in addition to their
intrinsic excitonic transitions. Further studies are needed to clarify this point. In any
case, our measurements prove at the very least that the Purcell effect is a major cause of
the enhanced performances of our metamaterial QDLEDs. The enhancement is so strong
that charge injection, and thus conductivity, are also grealy boosted. In the next section,

we discuss the possibility that other mechanisms also contribute to the device behavior.
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4.3.2 Influence of the metallic nanostructures on electrical injec-
tion

One legitimate question is whether the enhanced properties are not simply due to the
fact that the gold inclusions favor electrical injection in the QLED. According to previous
studies, the contact between PbS CQDs and a gold surface is ohmic, or, said otherwise,
no depletion region is created that would hamper the injection of electrons within the
dots [194]. To investigate this possibility, we reproduce in Figure 4.16a the J-V curves of
Figure 4.14 along with the J-V characteristic of a device where the Au nanoparticle array
has been replaced with a continuous gold film (green curve), the optical image is shown
in Figure 4.17a). Such a structure does not support any surface plasmon resonance and
instead acts as a metallic mirror, as can be seen from its reflectance spectrum plotted in
Figure 4.16b. Its J-V characteristic has an even better conductivity than the metamaterial
LEDs, indicating that the presence of gold in the stack does indeed induce a path of least

resistance where the current preferentially flows.
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Figure 4.16: The electrical characteristic of a continuous Au thin film (300 pm x 300pm
intergrated inside QDLED instead of a textured nano-array. a) The J-V curve of the
QDLED with the continuous thin film is plotted with those of the reference and metama-
terial QDLEDs. b) The reflectance of the QDLED with the continuous thin film.

However, this mechanism alone does not explain the operation of the metamaterial
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Figure 4.17: The electroluminescence characterization of the continuous Au thin film
(300um x 300pm QDLED. a) The optical image of a QDLED with a continuous gold
film integrated inside. b) No light has been observed with thin film QDLED at 8V and
higher voltage. The cyan and black square lines denote the QDLED boundary and the
continuous thin film area, respectively.

LEDs because the device with the continuous metal film does not emit light at all, even
at high voltages, as demonstrated in Figure 4.17b. In addition, the metamaterial LED
with the highest brightness and conductivity (small rings and period 450 nm, blue curves
of Figures 4.15a and 4.16a) is the one where the fraction occupied by the gold patterns is
the smallest (11% of the total ring array, as opposed to 17% for the metamaterial LED

with larger rings and larger period characterized in the same panels).

4.3.3 Influence of the separation between the Au nanoparticle

arrays and the CQD film

Here we study three devices proving that the CQD film must be coated directly onto the
Au nanoparticle arrays. Figure 4.18 shows the carton depiction of three metamaterial
LEDs in which a thin layer (5 nm) of sputtered TiOy is inserted at different positions,
corresponding to devices A, B, and C.

In device A, the TiOy layer is placed between the Au nanostructures and the CQD film.
Device B is the standard metamaterial QDLED without the presence of the 5 nm thick
sputtered TiO, layer. As for the last diode, the thin layer of TiO, is inserted between

the CQD film and MoOy. The detailed description of the layers within each device is
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provided below:

Device A: Glass substrate/Al stripe 80 nm/TiO5 60 nm/Au nanostructure arrays 25
nm/TiO, 5nm/QDs film 15 nm/MoOy 10nm/ITO 80nm.

Device B: Glass substrate/Al stripe 80 nm/TiO5 60 nm/Au nanostructure arrays 25
nm/QDs film 15 nm/MoOy 10nm/ITO 80nm.

Device C: Glass substrate/Al stripe 80 nm/TiO5 60 nm/Au nanostructure arrays 25

nm/QDs film 15 nm/TiOy 5nm/MoOy 10nm/ITO 80nm.

a)device A b) device B C) device C
. MoO, = - Moo, .
TiOy = I I———— EEr—p—p— T 1O x
Anatase TiO, 60nm Anatase TiO, 60nm Anatase TiO, 60nm

Cathode Al 80nm Cathode Al 80nm Cathode Al 80nm

Glass substrate Glass substrate Glass substrate

Figure 4.18: Behavior of metamaterial QDLEDs when a thin layer of TiOy is inserted at
different positions in the vertical stack. a) EL image of device A at 10.5V. b) EL image of
device B at 5V. ¢) EL image of device C at 10.5V. Red squares line denotes the QDLED

boundary.

Figure 4.18 shows the electroluminescence of the three devices. We have deliberately
patterned each LED with several Au nanoparticle arrays in order to demonstrate that our
results do not depend on the exact geometry of the Au nanostructures. Each device A,
B and C have two nanoring arrays in common, denoted M8 and M9 on Figure 4.18. We
will focus on these particular arrays to make quantitative comparisons between the three
samples.

Figure 4.18a shows that the luminescence is extremely dim for device A. Although it
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may not be visible on the printed version of this thesis, a closer inspection of this image
reveals that EL actually occurs everywhere, except at the location of the Au nanoparticle
arrays. This behavior is in sharp contrast with the metamaterial QLEDs in which the
CQDs are directly coated on the Au nanostructures, see previous figures and also the
behavior of device B in Figure 4.18b. This result clearly shows the importance of coating
the dots directly on the nanostructures to benefit from the Purcell effect and the resulting

plasmonic boost.
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Figure 4.19: Electrical and optical measurements of devices A, B, and C. a) the I-V curves
of these devices. b) The reflectance spectra of Motif 8 (arrays of nanorings). The same
color code is used for both graphs.

It may be argued that the absence of light above the Au nanostructures of device A
results from a degraded carrier injection because of the presence of the thin TiO, layer.
While we cannot completely discard this possibility, the results of device C, shown in
Figure 4.18c, suggest that it is not the case. In device C, the thin TiOy layer is placed on
top of the CQDs, which is probably the worst configuration for electrical injection since
it acts as a barrier for the holes coming from the MoO, hole transfer layer. Yet, Figure
4.18c reveal that light is only emitted above the structures, just as for device B, even if
the EL is understandably dimmer.

Figure 4.19a plots the I-V curves of these devices. Here also, we see that the EL
of Figure 4.18 is strongly correlated to the current flows. Specifically, the absence of

electroluminescence on top of the nanoparticle arrays in device A is accompanied by a
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very low current flowing through the device. In contrast, the current flowing through
device B is the highest of all three samples while the current flowing through device C
lies in between these two extremes.

As a final control experiment, Figure 4.19b confirms the excitation of the same plas-
monic resonances in all three devices. For the clarity, we only plot the reflectance of one
nanoring structure (M8) of these devices though the reflectance curves for M9 are similar

profiles but sift slightly at different wavelengths.

4.3.4 Role of the CQD film

All the metamaterial LEDs discussed so far have been made with a 15 nm thick layer of
quantum dots, corresponding to 1-2 monolayers of PbS nanocrystals. The importance of
the hybrid has been demonstrated in the previous section, and in this section we focus
on studying the impact of the quantum dot film on the hybrid. To this, we fabricated
a series of samples with devices with and without CQD film. The devices are numbered
from 1-4 and their architectures are described as following:

Device 1: Glass substrate/ Al stripes 80 nm/Anatase TiO5 60nm/ MoO, 10nm/ ITO
80nm.

Device 2: Glass substrate/ Al stripes 80 nm/Anatase TiOo 60nm/PbS QDs 15nm/
MoO, 10nm/ ITO 80nm.

Device 3: Glass substrate/ Al stripes 80 nm/Anatase TiO5 60nm/ Au nanostructure
arrays 25 nm,/ MoO, 10nm/ ITO 80nm.

Device 4: Glass substrate/ Al stripes 80 nm/Anatase TiOy 60nm,/ Au nanostructure
arrays 25 nm/ PbS QDs 15nm/ MoO, 10nm/ ITO 80nm.

The stacked configuration of each device and their electroluminescence responses are
depicted and displayed in Figure 4.20. Device 1 is the device where both the Au nanopar-
ticle arrays and the CQD film are absent. Device 2 is the reference QDLED as routinely
discussed in chapter 3, whereas device 3 is the control device in the presence of metallic

nanoparticles but absence of quantum dots film. The last device, Device 4, is the meta-
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Figure 4.20: Stacked layer of control experiment in the absence and presence of the QD
film. a) Device 1 without film of PbS QDs and Au nanoparticles, b) Device 2 with the
presence of Au nanoparticles but without PbS QDs film, ¢) Device 3 with the presence of
PbS QDs film but without the Au nanoparticles, and d) Device 4 (Metamaterial LEDs)
with the hybridization of CQDs film and Au nanoparticles. e) - h) are the electrolumi-
nescent images of the corresponding diodes in a forward bias. Note that the cyan open

squares are the overlapping between Al and ITO stripes. A small black square in g) is
the area of the similar nanoring array used in h).
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Figure 4.21: The electrical characteristics of the four control devices in Figure 4.20.

material LED. The EL images of devices 1-4 at 9V, 8V, 8V, and 4V, respectively, are

shown in Figures 4.20 e-f. The big cyan squares are the borders of the overlapping areas
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between Al and I'TO stripes. Device 2 gave us the usual electroluminescent image, Figure
4.20f, where the light shape corresponds to the overlapping area between the electrode
stripes. Device 4 also gave us the expected result where the light only appears above
on the area occupied by the nanoparticles. In contrast, device 3, which contains the Au
nanoparicle array but not the carpet of quantum dots does not emit any light, as shown
Figure 4.20g. Lastly, light was not observed either for device 1 when both quantum dot
carpet and nanoparticles were removed.

Figure 4.21 shows the current densities of the four devices investigated in Figure 4.20.
Let’s assume the case of device 1 as reference. When a layer of quantum dot film is added
between two carrier transport layer (Device 2), the current is dropped significantly due to
the poorly conductive layer of the quantum dot carpet. Yet, if the metallic nanoparticles
are added in that place instead of the quantum dot layer, we saw an increased current
within the device 3. The carrier injection enhancement of the metallic nanoparticles has
compensated for the electrically poor conductive of the quantum dot film, as a result the
current passes through the device 4 is pretty equal to that of the device 1.

Until now, we have seen that the hybridization of nanoparticle/QDs is a requirement to
sustain the operation of metamaterial LEDs, it is also critical to see whether the thickness
of the quantum dot film can influence the operation. The following section investigates the
response of the metamaterial LEDs as a function of the thickness of the quantum dot film.
Specifically, we consider the case of 3-5 monolayer thick films, obtained by spin-coating a
solution of PbS CQDs with a concentration of 46 mg/mL. We also made another sample
with the usual thickness (15nm corresponding to 1-2 monolayers) for comparison. Figure
4.22a displays a usual metamaterial QDLED that lights up on top of the nanoparticle
arrays. As before, we have patterned several arrays with different geometries within the
same LED in order to extend the generality of our observations (SEM images correspond-
ing to the distribution of the CQDs on the nanostructures are displayed in Figure 4.22¢).
If we now repeat the same experiment with the thicker layer of PbS CQDs, as shown in

Figure 4.22b, we totally lose the benefits of the metal nanostructures because there is no
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Figure 4.22: Probing the role of QD film thickness on the operation of metamaterial
QDLEDs. a) The EL image of metamaterial QDLED in which the QD film is only
composed of one to two monolayers of quantum dots. b) The EL image of the same
metamaterial QDLED but with an active layer comprising three to five monolayers of
quantum dots. ¢) The SEM images of the Au nanostructures covered by 1-2 monolayers
of quantum dots. d) The same SEM images but the nanostructures covered by 3-5 mono-
layers of quantum dots. e) A J-V graph comparing the current voltage characteristics of
the metamaterial QDLED with different number of monolayers of quantum dots.
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preferential light emission above the Au inclusions regardless of the exact geometry and
period of the arrays. In addition, the turn-on voltage is pushed to higher values and the
EL intensity is much weaker since the image of Figure 4.22b has been obtained at 10V
while the much brighter image of Figure 4.22a has been recorded at 5V. The assembly of
quantum dots in the device of Figure 4.22b are shown in Figure 4.22d. The SEM images
indicate that the nanostructures are well buried under the layer of quantum dots.

The fact that the Au nanostructures have no influence on the EL in the case of a thicker
layer of CQDs further illustrates the stringent conditions that must be met to observe the
effects discussed above. We interprete these results by the fact that thicker CQD films
are mainly composed of dots that are too far from the metal inclusions to benefit from
the Purcell effect, creating a barrier that prevents increased charge injection in the few
monolayers of PbS nanocrystals placed in the near-field of the surface plasmons. This
interpretation is supported by the fact that samples with thicker CQD films have a much
weaker conductivity, as illustrated with the I-V curves of Figure 4.22e. In other words,
these data provide another confirmation that the excitation of a plasmonic resonance is
not a sufficient condition to boost the properties of the metamaterial QDLEDs and that

it is also necessary to maintain a decent carrier injection in the device.

4.3.5 Influence of the metal

Last, we briefly discuss the influence of the metal used in the fabrication of the nanoparti-
cle arrays. Figure 4.23a and 4.23b display EL images for two metamaterial QDLED with
metallic nanoparticle arrays made of Al and Au, respectively. In these images, we outine
with orange boxes the location of the metallic patterns. As before, several arrays with
different geometries are included within each LED in order to show that our results have
a large degree of generality. The arrays used in the Al metamaterial QDLED have all the
same period P=600 nm and are made of rings with increasing size. They are denoted M1,
M2, M5, M8 and M9 on Figure 4.23a and there reflectance spectra appear in Figure 4.23c.

The Au metamaterial QDLED contains five different structures with two kinds of shapes:
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nanorings and nanorods. The nanorod arrays are denoted R1, R2 and R3 and are made
of Au inclusions of increasing length. As for the nanoring arrays, they are the same M8
and M9 structures as those patterned on the Al metamaterial QDLED so we will focus

on these two specific arrays whenever we make quantitative comparisons between the two

types of metals.
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Figure 4.23: The role of metal materials on operation of metamaterial QDLED. a) The
EL image of aluminum metamaterial QDLED with different nanoring structures at 14.5
V. b) An EL image of gold metamaterial QDLED with different structures at 5V. c)
Reflectances of major aluminum structures. d) Reflectances of major gold structures.

Figures 4.23a and 4.23b clearly show that Al metamaterial QDLEDs perform much
more poorly than their Au equivalent. Although light is only emitted above the Al
patterns, as what we have observed with Au so far, it is necessary to drive the LED
with a voltage exceeding 13V to generate any light. In the example of Figure 4.23a, for
example, the image was taken at an applied bias voltage of 14.5V and yet the EL intensity
remains very weak compared to the control sample of Figure 4.23b which was driven at

SV.

Although these observations are valid for all metallic patterns, we now solely focus
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a) Al nanostructures

Figure 4.24: The Al and Au nanostructures investigated in Figure 4.23. a) Al nanoring
arrays that are incorporated in the samples of Figure 4.23. From left to right are nanorings
of increasingly larger sizes while the period is kept constant at 600 nm. b) Au nanorod
and nanoring structures. Arrays of nanorings (M8 and M9) have the same dimensions as
those in Figure 4.18. Arrays of nanorods R1, R2 and R3 have the same period p = 500
nm, width = 50 nm and thickness = 25 nm, but the length is varied from 125 nm, 150
nm, and 175 nm, respectively.

on structure M8 which is common to both the Al and Au samples, as shown in Figure
4.24. The reflectance spectra of Figures 4.23c and 4.23d show that in both the Al and Au
cases, the M8 structure operates through higher order plasmonic modes in the frequency
range of interest (i.e. in the 1000-1500 nm window). However, it can be seen that the Al
structure exhibits much more losses since the reflectance in the 1000 - 1500 nm spectral
range is much lower than for the case of Au, even far from the plasmonic resonances. This
conclusion is consistent with the known values of the complex permittivities of Al and
Au in the near-infrared since the dielectric loss tangent of Al is typically 5 times higher
than Au in this regime [195]. In other words, it is reasonable to attribute part of the
much poorer performances of the Al-based metamaterial QDLEDs to the fact that the Al
structures have a much higher damping factor in the near infrared.

This being said, there may be other factors contributing to the high inefficiency of

Al-based metamaterial QDLEDs. In particular, Al and Au have different work functions
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Figure 4.25: The current-voltage responses of metamaterial QDLEDs as the integrated
nanostructures are made of Al and Au metals.

(Al » 4.2 eV, Au » 5.3 eV) and the nature of the contact between the metallic inclusions
and the PbS CQDs should depend on this parameter. We did not have the time to study
this issue during this thesis and so we do not know whether the contact between the
PbS CQDs and the Al inclusions is ohmic or Schottky (according to the literature, the
nature of the contact between Au and PbS CQDs is ohmic [194]). However, we note
that the current-voltage characteristics of Al-based and Au-based metamaterial QDLEDs
are almost identical, as evidenced on Figure 4.25, suggesting that electrical injection is
similar in both cases and that this factor does not play a major role in the much poorer

performances of Al-based structures.

4.3.6 Lifetime of optimized devices

Here we go back to the working Au-based structures of sections 4.1 and 4.2 and discuss
how their characteristics vary over time when pumped by a continuous and constant bias
voltage. Figure 4.26 shows the result for an applied voltage of 4V by simultaneously

plotting the current density and light intensity over three consecutive hours.
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Figure 4.26: Lifetime of metamaterial LEDs with small rings. The voltage was kept
constant at 4V.

One can see that the current density and light intensity follow the same behavior,
namely they first increase and then decrease with different decline slopes. This behavior
is similar to that of the conventional QDLEDs of chapter 3 and those of other works [196]
197, 198]. The initial increase of the curves can be mainly attributed to the memristive
behavior of the TiO4 electron transfer layer while the gradual decrease is generally ascribed
in the literature to charging effects that account for increased difficulties of carriers passing
through the devices overtime. Specifically, the long dot inter-distance, defects in the dots
and at their surface gradually lead to carrier trapping which in turn creates an increasingly
higher charge barrier that prevents the movement of the charges, causing a reduction of
the current and a decline in EL.

With these measurements, we put our qualitative description of the metamaterial
QDLEDs to an end. All the parameters that we have varied reveal one important thing—
namely, that very stringent conditions must be met so that the metallic arrays play a
role in the QDLED operation. A slight deviation in the thickness of the CQD film, or
in the spacing between the CQDs and the metallic particles, or in the metal used to
fabricate the latter structures, is enough to kill the effects described in sections 4.1 and

4.2. However, once the optimal conditions are met, the results presented in this chapter
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are fully reproducible, included with PbS CQDs with different diameters and excitonic
band gap as will be shown later. Although we have tried to offer a reasonable explanation
of the operation mechanism, which involves a delicate balance between the excitation of
surface plasmon resonances, good injection and relatively low losses, further studies are

needed to fully clarify the physics at work in our structures.

4.4 Metamaterial QDLEDs: a novel form of active meta-
surfaces.

In this section, we will show that the metamaterial QDLEDs do not only lead to better
performances than conventional QDLEDs, but also that they represent a true novel form
of artificial active medium. To this end, we now consider metamaterial QDLEDs having
arrays of gold nanorods with dimensions of 150 nm long, 70 nm wide and 25 nm thick,
and a period of 500 nm.

Figure 4.27 shows that the basic properties of this new geometry are essentially similar
to those already discussed for Au nanorings. In particular, the EL intensity does not
depend on the area occupied by the nanorod arrays and the onset of light emission occurs
at approximately 2V.

However, due to their geometry, the plasmonic resonances supported by nanorods
can only be excited and reemit light with an electric field parallel to their long axis,
as evidenced with the FTIR spectrum of Figure 4.28a. This polarization dependence
dominates the response of the metamaterial QLED, as shown in Figure 4.28b where most
of the light emitted by the structure is polarized along the long axis of the rods. This
result is all the more remarkable that the nanorods occupy a small fraction of the total
surface of the array (4.2 %), implying that the CQDs that are not coupled to them are
not active. For comparison, we show in Figure 4.28¢ the photoluminescence spectra of the
device for the two same orthogonal polarizations. In this experiment, a 632 nm laser beam

is focused on the sample with a 50X objective that excites all the dots under the focus
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Figure 4.27: The electrical charateristics of nanorod arrays. a) a SEM image of nanorod
used in this study. b) Electroluminescence from 100 x 100 pm nanorod arrays with a
green square representing the area of the QDLED. ¢) Electroluminesncence from 400 x
400 pwm nanorod arrays. d) The current density-voltage of the 400 x 400 pwm nanorod
arrays.
spot (i.e. those that are coupled to the rods and those that aren’t). The resulting spectra
are also sensitive to the polarization but in a strikingly less marked way than in Fig.
4.28b, implying that the vast majority of the dots are not coupled to the nanorods and
emit unpolarized light. This conclusion is reinforced by the fact that the PL spectrum of
the structure with the polarization perpendicular to the rods is almost undistinguishable
from the PL spectrum of PbS CQDs far from any metal structuration (also plotted in
Figure 4.28c¢).

In other words, the combined results of Figures 4.28b and 4.28c indicate that most of
the dots between the gold nanostructures are likely not emitting when pumped electrically
(which is in contrast with optical pumping). These data demonstrate a new kind of

structural electroluminescence with discrete, subwavelength elements. Not only can we

tailor the electrical and optical properties of the structure, as seen before, but we can also
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Figure 4.28: Characterization of 400 x 400 um? nanorod arrays. a) Reflection spectra
of the nanorods with two polarization E, and E,. b) EL spectra recorded at 4V when
the polarizer is placed along the nanorod length (E,) in black and perpendicular to the
nanorod (E,) in red. ¢) The PL spectra of PbS QDs of a reference device and a device
with the presence of the rod arrays

consider that each gold inclusion and the dots in its immediate proximity form active pixels
of subwavelength dimensions that can be used to weave complex light-emitting surfaces.
As an illustration, we have fabricated a metamaterial QDLED displaying different words
depending on the polarization through which we look at the structure: the word “Nano”,
appearing in black over a white background, and the word “Saclay”, appearing in white
over a black background. The structure contains two arrays, one made of vertically-
oriented nanorods with voids corresponding to the word “Nano” and the second with
horizontally-oriented nanorods shaping the word “Saclay”. The structure is shown in
Figure 4.29.

Figure 4.30 shows the light emitted from the device for the two orthogonal polar-
izations. At a given voltage, each of the encoded words will appear depending on the
polarization: the word “Nano” in Figure 4.30a emerging in black, corresponding to the
voids where there are no vertical nanorods, over a white luminescence square background.
In the same block position, as one switches polarization to 90°, the word “Saclay” ap-
pears in white, corresponding of the PbS coupled with horizontal nanorods, on a black
background without horizontal nanorods. Clearly, each word appears distinctively for one
polarization only, demonstrating that the nanorods coupled with their surrounding dots

act as discrete pixels as intended.
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Figure 4.29: The SEM image of the “NanoSclay” structure. The words “Nano” and
“Saclay” are patterned in a single 100 x 100 pm? area comprised of two arrays of or-
thorgonal nanorods. The voids in a vertically-oriented nanorod array constitute “Nano”,
whereas the horizontally-oriented nanorods make the word “Saclay”.

Figures 4.30c and 4.30d are a repetition of the same demonstration above with two
intertwining arrays with the same nanorod dimensions, but using a different batch of
PbS CQDs with a smaller diameter and thus a slightly blue-shifted emission. These

images show that the concepts introduced in this chapter are reproducible as long as the

stringent conditions are met as discussed in the previous section. Until here, it is necessary



CHAPTER 4. METAMATERIAL QDLEDS 122
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Figure 4.30: The EL images of NanoSaclay at 4V. a) The image of the black “Nano” word
is captured with the polarizer placed along the vertical nanorods. b) The word “Saclay”
appears in white on a black background by switching the polarizer by 90°. ¢) and d) are
the repeated device with slightly smaller quantum dots.

to stress out that our devices can be regarded as genuine metamaterial. Why? Because as
discussed in section 4.4, each metallic nanoparticle (150 nm in length) and its surrounding
QDs acting as a discrete pixel emitting light at around 1500 nm and the inter distance
between the intertwining nanoparticles is only 140 nm. Therefore, these pixels are highly
subwavelength and very close to each other led to a homogeneous lightening surface whose
individual pixels are not distinguishable. The infrared metamaterial devices also satisfy
the definitions of metamaterials in the sense that all the macroscopic properties of the

devices (emission color, emission image, polarization, and even electrical property) are

controlled by the geometry of the metallic nanoparticles.

4.5 Conclusion

In this chapter, we have have successfully incorporated Au nanoparticle arrays in the
architecture of PbS based LEDs resulting in metamaterial LEDs. We have demonstrated

dramatically enhanced performances, including the lowest threshold voltage ever observed
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for a PbS-based infrared LED, as well as an unprecedented control over the electrical,
spectral and polarization properties of the structures. More importantly, we have shown
that the active layer cannot be considered as formed by only the CQD film or metallic
nanoparticles, but rather by a hybrid metamaterial resulting from the coupling between
two types of artificial atoms—the PbS nanocrystals and the unit cells of the metallic Au
arrays. As a result of this coupling, light is emitted by subwavelength, nanosize pixels
that can be individually tuned to exhibit independent optoelectronic properties. Such
elementary building blocks can be arranged at will to form intricate artificial structures,
radically increasing the functionalities of imaging devices. In the example used in Figure
4.30 to illustrate this claim, we used a set of identical light-emitting elements but one
can also create pixels of different colours by tuning the geometry of the gold inclusions,
as demonstrated with several figures of section 4.3. It should also be possible to enable
phase coherence between the different plasmonic resonances and thus achieve a collective
behaviour to shape complex beams or generate holographic images. The results shown
here lay the foundation for future works, both for having a better understanding of the
processes at work in the light emission and for fully exploring the possibilities offered by

this new form of artificial electroluminescence.



Chapter 5

Conclusion and future outlooks

5.1 Thesis summary

In this dissertation, we have hybridized two classes of artificial structures by introduc-
ing metamaterial quantum dot light-emitting-diodes. The findings from this work have
brought a new form of structural electroluminescence where power consumption, color, in-
tensity and polarization of the light emitted from the diodes were controlled by the design
of the metamaterials. This result represents the first electrically-pumped metamaterial
structures ever demonstrated in the optical regime.

To obtain these results, we have performed a number of intermediate steps that helped
us become familiar with CQDs and plasmonic nanostructures. Firstly, we performed a
series of PLL measurements under different conditions to understand the behavior of PbS
quantum emitters embedded in a host matrix. We studied the coupling efficiency as
well as the interactions between PbS CQDs and plasmonic nanoring antennas. We also
introduced the two-level system that is widely used in describing the interactions of optical
antennas and quantum emitters and showed that it was not adapted to our system. This
discrepancy has been explained by the inhomogeneous broadening of the dots and the
existence of at least two distinct channels of emission associated with CQDs that are not

in the assumption list of the two-level model. A new theoretical framework developed by

124
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Prof. J.-J. Greffet was then shown to provide a satisfying description of our experimental
findings.

Secondly, we learned how to fabricate a CQD-based optoelectronic device. All-inorganic
top-emission infrared quantum-dot light-emitting-diodes were successfully fabricated to
meet the characterization equipments available in the laboratory. Although the devices
operate at high voltage and with low brightness, we were able to fabricate stable and
reproducible QDLEDs that have served as solid platforms for the final goal of this disser-
tation, namely to hybridize these structures with metamaterials.

Finally, we incorporated the nanoparticle arrays into our top emission QDLEDs. We
presented a detailed discussion about the fabrication of the full devices and explained
that it is the combination of the plasmonic arrays and the CQDs that constitutes a
new form of artificial active medium, or metamaterial. We found remarkably that the
electroluminescence only occurs in the zone of the metamaterial/CQDs hydrid. Besides,
light pattern was controlled by geometry of the nanoparticles, and we also observed a
number of different changes taking place simultaneously, i.e. a dramatic reduction of
the turn-on voltage, a sharp enhancement of the emission intensity, altered color and
polarization of the light emission of the LEDs. A series of control experiments were

carried out the find out the origins of the all the observed effects.

5.2 Future outlooks

Although a series of controlled experiments were performed to reveal the operating mech-
anisms of the metamaterial QDLED, the full physics at work in the metamaterial/CQD
hybrids is far from being well understood. One of the most immediate follow-ups of this
thesis is therefore to fully clarify how these devices operate. Besides macroscopic measure-
ments, a number of nanoscale probing experiments are envisioned in collaboration with
other groups of the Paris Saclay area such as STM-induced electroluminescence studies.

Incorporating plasmonic arrays offered a novel approach to reduce significantly the
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operational voltage of QDLEDs. In other words, the metamaterials transformed a bad
LED (turn-on voltage at 6.5 V) to an excellent one (turn-on at 1.3 V) which is in line with
other state-of-the-art QDLEDs (turn-on at 1.2 V) [192] that optimize the energy band
diagram and increase the conductivities of the involved layers. If one combines the two
approaches, the idea of extremely low-power consumption optoelectronics with a turn-on
voltage of just a few hundreds mV may be very feasible in near future. It would put the
threshold voltage below the thermodynamic limit set by the bandgap energy, a prowess
that has already been obtained in the visible for other QDLED designs.

Metamaterial QDLEDs might provide a solution for ultrahigh resolution displays.
Recent breakthroughs on the race of ultrahigh resolution displays have recorded 5 pm as
the smallest white light pixel [I99]. A set of three metallic nanostructures within a single
unit cell can be served as sub-pixels for three basic blue, green, and red colors to hold a
promise of white light pixel in the range of 1-2 pum.

Metamaterial QDLEDs do not only improve the performance and efficiency, but they
provide additional control to the light emission since they operate through discrete nanoscale
pixels. It should be possible to use this approach to design a metasurface in which the
light will be emitted in a preferred orientation and /or the phase of the light will be tailored
to create complex light beam such as spiral vortex or hologram. Lasing from an array
of nanoantennas coupled with quantum emitters by a complex and cumbersome optical
systems was demonstrated recently [40]; our results suggest that much more compact
designs are at hand following our approach.

One of the major applications of films of CQDs fall in the regime of light harvesting
devices such as photodiodes and photovoltaics. Our findings should also be applicable
for these applications by operating the diodes in reverse bias. In particular, it would be
interesting to use the same metamaterial approach to build sensors with nanoscale pixels
and to exploit the plasmonic enhancement to obtain ultra-short responses-a much needed
property at infrared wavelengths where ultra-fast CCD cameras do not operate.

For the field of plasmonics and metamaterials, this first demonstration of electrically-
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driven nanostructures can be regarded as an alternative approach for applications requir-
ing or replacing the cumbersome optical systems by compact electrically-driven compo-
nents.

I close this thesis by emphasizing that only applications immediately beneficial from
this work are discussed here. More generally, our research shows the enormous synergy of
combining different types of artificial matter and suggests that many other opportunities
will arise by taking a unified view of the various artificial media developed by the physics,

chemistry and engineering communities.



Appendix A

Fabrication of the samples studied in

Chapter 2

Step-by-step recipe for fabricating samples that comprises a glass substrate, the nanoring
arrays, a thin SiOs spacer, a layer of HSQ doped with PbS CQDs and a pure, undoped
layer of HSQ:

1. Substrate preparation

- Ix1 cm glass pieces are prepared by cutting 2-inch wide and 300um thick glass
substrates with a dicing machine.

- The 1x1 cm glass substrates are soaked in acetone and cleaned in an ultrasonic
bath for 3 hours at 40 °C. The substrates are then rinsed immediately with Acetone,
Isopropanol (IPA), and DI water before drying them with N, gas.

2. Fabricating the Au nanoring arrays

- A beaker (or a vial) is kept in an oven at 120 °C overnight to dehydrate it before it
is used for preparing the e-beam resist.

- A 1.215 ml mixture of positive e-beam resist ZEP-520A (ca 5.5%wt) and Anisole
thinner, dilution DR=2.0, is mixed in the baked beaker.

- Microprimer Adhesion promoter is spun on the sample at 2600 rpm during 1 minute.

- The prepared e-beam resist is applied on the sample through a 0.24 pm filter and
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spun at 2600 rpm during 1 minute. The thickness of the resist is around 60 nm.

- The e-beam resist is soft-baked at 190 °C for 3 minutes on a hotplate.

- A conductive layer (Espacer 300Z) that will evacuate charges during e-beam writing
is finally spun on top of the resist at 4000 rpm for 30 seconds.

- The conductive layer is baked at 90 °C for 2 minutes on a hotplate.

- Marks at corners of the sample are made manually with diamond scribe to find the
focus values for e-beam writing.

- Masks of the structure are designed with Raith GDSII graphic editor and fractured
with Nanobeam Pattern.

- The e-beam is generated at voltage 80 kV and current 2.0 nA. To write the structures
of chapter 2, the resist is exposed with a dose of 3 C/m?2.

- After e-beam exposure, the conductive layer on the sample is removed by dipping
the sample in DI water for 20 seconds and blowing it with N.

- Development: The substrate is soaked in ZED-N50 for 40 seconds, Methyl IsoButyl
Ketone (MIBK) : IPA(1:3 %v) for 30 seconds. Stopping the development by immersing
the substrate in IPA for 30 seconds and blowing with Nos.

- Metal deposition: A Plassys E-beam evaporator is used for depositing an adhesion
layer of 2 nm of titanium at 7x10~8 Torr followed by 33nm of gold evaporated with a rate
of 1 A/s at 8x10-8 Torr.

- The metal parts covering the unexposed resist are lifted-off by immersing the sample
in 2-Butanone solution overnight. An ultrasonic bath of 5 seconds is used to remove the
unwanted metals completely. Samples are continuously rinsed with 2-Butanone, IPA, and
DI water before drying with No.

- The fabricated nanorings are visualized by Scanning Electron Microscopy (SEM
Hitachi SU8000). To minimize charging effects, it is necessary to coat the sample with
a conductive layer, ESPACER 300Z, by spinning at 4000 rpm for 30 seconds and baking
at 90 °C for 2 minutes. This layer is subsquently removed to continue the fabrication

process.



APPENDIX A. FABRICATION OF THE SAMPLES STUDIED IN CHAPTER 2 130

3. Covering the nanorings with a dielectric spacer

Plasma Enhanced Chemical Vapor Deposition is employed for generating silica spacer
of the nanorings with quantum dots. Low frequency (f = 138 KHz) mode is used with
deposition rate: 1 A/s.

4. Applying the HSQ layer doped with PbS CQDs

- 400 pl of 6%wt hydrogen silsesquioxane (HSQ, purchased from Dow Corning under
the commercial name XR-1541) are mixed with 200 pl of MiBK (98% purity) in a de-
hydrated vial. 150 pl of PbS QDs in toluene (concentration 5mg/mL) purchased from
Evident Technologies are then added to the solution.

- The resulting solution is filtered (with a 0.24 pm filter), spun onto the sample at
3000 rpm for 1 minute, and soft-baked at 150 °C for 2 minutes. This creates a 100nm
thick layer of SiO4 sol-gel containing PbS quantum dots.

5. Symmetryzing the sample with a pure layer of HSQ

Finally, the sample is coated by a pure undiluted XR1541 resist spun at 1000 rpm and

baked at 150 °C for 2 minutes. The resulting thickness of the SiO4 sol-gel is 190 nm.



Appendix B

Determining the apparent PL

enhancement

Each PL Enhancement Spectrum (PLES) was obtained according to the following formula:
PLES = (PL above the structure - PL background)/(PL above glass - PL background)
where PL above the structure and PL above glass are the collected signal emitted by the
CQDs in the presence and absence of the plasmonic nanorings arrays, respectively, and
PL background is the noise recorded in the absence of pumping. As an example, the
PLES procedure for one of our structures, which is unrelated to the graphs showed in
the main text, is illustrated in Figure S1. PL recorded above the structure, PL recorded
above the bare glass, and the background are the red, the blue, and the black curves,
respectively (Figure Sla). The actual emission signal of the QDs on the structure and on
the bare glass after substrating the background are the red and blue curves of the Figure

S1b. Finally, the ratio of these two quantities is plotted in Figure Slc.
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Figure B.1: PL spectra of dots in the presence and in the absence of the nanorings
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Figure B.2: PL spectra of dots in the presence and in the absence of the nanorings after
subtracting the background
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Figure B.3: PL enhancement after normalization



Appendix C

Fabrication of top emission infrared

QDLEDs

1. Substrate preparation (glass or Si)

- 1x1 cm glass pieces are prepared by cutting 2-inch wide and 300 pm thick glass wafer
with dicing saw.

- 1x1 cm Si substrates are prepared by cutting 2-inch wide and 300 wm thick one-face
polished Si wafer with dicing saw.

- Both glass and Si substrates are soaked in acetone and cleaned in an ultrasonic bath
for 1 hour. The substrates are then rinsed immediately with Acetone, Isopropanol (IPA),
and DI water before drying them with Ny gas.

- The Si pieces are treated with Piranha solution (H;SO4 96% : HyO4 30% 3:1%v),
rinsed thoroughly in Ny soaked DI water sink and dried out with Ny gun. They are then
coated with SiOy by Plasma Enhanced Chemical Vapor Deposition (PECVD) at 300 °C
and low frequency mode (384 KHz) at a rate of 11 A /s until reaching 500 nm of SiO,.

- All substrates are finally cleaned with Oxygen plasma 10 min (DC mode, 160 W, 5
mbar).

2. Creating Aluminum cathodes

- A copper foil shadow mask is firmly hold on top of each substrate pieces to make
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the Al cathodes. Al is evaporated through the mask with Plassys e-beam evaporator at
pressure 7x107% torr and velocity 12 A /second. After removing the mask, 4 aluminum
strips are obtained with width = 500 pm, thickness 80 nm and distance between two

electrodes is 1.5 mm.

3. Covering Aluminum cathodes with a mesoporous TiO, electron trans-
port layer

- A thin Kapton tape is applied on one side of the samples so as to protect one end of
the Al electrodes.

- 70 pl of anatase TiO9 nanoparticles in solution (Ti-Nanoxide HT-L/SC, Solaronix)
are spincoated at 5000 rpm for 60 seconds in a closed spincoater saturated with EtOH
vapor followed by baking at 200 °C for 15 minutes in air. The resulting mesoporous TiO»

layer has a thickness of 60 nm.

4. PbS CQDs film

A thin film of PbS CQDs in toluene (conentration 26 mg/ml, purchased from Evident
Technologies) is spincoated in an open spincoater with a ramping speed of 400 rpm/s
and a constant speed of 2000 rpm for 15 seconds, followed by a hot bake at 150 °C for 3
minutes.

5. MoO, Hole transport layer

MoOy is deposited by RF magnetron sputtering mode in a Denton sputtering sys-
tem. We used a 3 inch wide Mo target (Mo 99.98%, Kurt J. Lesker) in a reactive gas
environment with %O, /(Ar + O2) = 15% and power of 50W. The final gas pressure for
sputtering is 10 pbar and rate of deposition is 0.2 A/S. To enhance the uniformity of
MoOy we rotate the sample holder at a speed of 20 rpm.

6. Transparent anode-ITO

Before sputtering ITO, the same shadow mask used for defining the Al cathodes is

placed on the sample but rotated by 90° with respect to the Aluminum strip direction. As
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discussed in the main text, to enhance the mechanical stability of [TO on the underneath
layer, it is sputtered in a two-step process, with the beginning step at low power and the
second sputtering at higher power.

ITO is sputtered in pure Ar enviroment with a 3 inch wide target ITO (99.99 % Kurt
J. Lesker) and pressure of sputtering is maintained at 8 pbar.

- The first step is proceeded with 30W of power in RF mode, as a result the deposition
rate is around 0.5 A /s until it is 10 nm thick.

- The second step is carried out with a higher power of 80W in RF mode, corresponding

to a deposition rate of 2.7 A/s. It is stopped after 80 nm of ITO are deposited.



Appendix D

Fabrication procedure of Metamaterial

QDLEDs

The fabrication procedure is actually inherited from previous the fabrication processes
for nanorings in Chapter 2 and colloidal quantum dot light-emitting-diodes in Chapter
3. As analyzed with different SEM images at different stages during the fabrication, the

metamaterial LED architecture can be visualized with the following cartoon:

Figure D.1: The cartoon of metamaterial LED with nanorings as a cellular element.

Following is the detailed procedure for fabricating the metamaterial LEDs.
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1. Substrate preparation (Glass or Si)

- 1x1 cm glass pieces are prepared by cutting 2-inch wide and 300 wm thick glass wafer
with dicing saw.

- 1x1 cm Si substrates are prepared by cutting 2-inch wide and 300 wm thick one-face
polished Si wafer with dicing saw.

- Both glass and Si substrates are soaked in acetone and cleaned in an ultrasonic bath
for 1 hour. The substrates are then rinsed immediately with Acetone, Isopropanol (IPA),
and DI water before drying them with N, gas.

- The Si pieces are treated with Piranha solution mixing HySO4 96% with H,O4 30%
(3:1%v) and rinsed well in Ny soaked DI water sink and dry out with Ny gun. They are
then coated with SiO by Plasma Enhanced Chemical Vapor Deposition (PECVD) at 300
°C and low frequency mode (384 khz) at a rate of 11 A /s until reaching 500 nm of SiO,.

- All substrates are finally cleaned with Oxygen plasma 10 min (DC mode, 160W, 5
mbar).

2. Creating Aluminum cathodes

- A copper foil shadow mask is put and firmly hold on top of each substrate pieces to
make the Al cathodes. Al is evaporated with e-beam evaporator at pressure 7x10~8 torr
and velocity 12 A /second. After removing the mask, 4 aluminum strips are obtained with
a width = 500 wm and the distance between two electrodes is 1.5 mm.

3. Covering Aluminum cathodes with electron transport layer: spincoating
anatase TiO,.

A thin Kapton tape is applied on one side of the samples so as to protect one end of
the Al electrodes.

- 70 pl of anatase TiO nanoparticles in solution (Ti-Nanoxide HT-L/SC, Solaronix)
are spincoated at 5000 rpm for 60 seconds in a closed spincoater saturated with EtOH
vapor followed by baking at 200 °C for 15 minutes in air. The resulting mesoporous TiO»

layer has a thickness of 60 nm.
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4. Fabricating nanostructure arrays by e-beam lithography on granular
TiO, surface.

- Preparing e-beam resist in a dehydrated beaker: a 1.215 ml mixture of positive
e-beam resist ZEP-520A (ca 5.5%wt) and Anisole thinner, dilution DR 2.0.

- A thin Kapton tape is applied on protected side of the samples to protect the Al
electrode contacts.

- Spinning Micro primer as adhesion promoter for e-beam resist at 2600 rpm during 1
minute.

- Spinning the filtered e-beam resist with 0.24 um filter at 2600 rpm during 1 minute.
The thickness of the resist is around 60 nm.

- Soft bake the e-beam resist at 190 °C for 3 minutes on a hotplate.

- Coating a conductive layer: Espacer 300Z is spinned at 4000 rpm for 30 seconds.

- Soft bake the conductive layer at 90 °C for 2 minutes on a hotplate.

- Marks on the baked resist on top of Al cathodes are made with diamond knife to
find the focus values for e-beam writing.

- A manual alignment is performed with the edge of each Al stripe as origins and the
distance between one structure to the other structure on the same Al stripe is 2 mm.

- Masks of the structure are designed with Raith GDSII graphic editor and fractured
with Nanobeam Pattern.

- The e-beam is generated at voltage 80kV and current 2.0 nA. To write the structures
in the chapter 2, the resist is exposed with a dose of 3 C/m?.

- After e-beam exposure, the conductive layer on the sample is removed by dipping in
DI water for 20 seconds and blow with Ns.

- Development: Soaking the substrate in solutions of ZED-N50 for 40 seconds, Methyl
IsoButyl Ketone (MIBK) : IPA(1:3 %v) for 30 seconds. Stopping the development by
immersing the substrate in IPA for 30 seconds and blow with Ns.

- Metal deposition: A Plassys E-beam evaporator is used for depositing an adhesion

layer of 2 nm of titanium at 7x10~8 Torr followed by 25nm of gold evaporated with a rate
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of 1 A/s at 8x10-8 Torr. In the case of Al: 25 nm of aluminum is deposited (1.2 A/s) at
8x10-8 Torr.

- The metal parts covering the unexposed resist are lifted-off by immersing the sample
in 2-Butanone solution overnight. An ultrasonic bath of 5 seconds is used to remove the
unwanted metals completely. Samples are continuously rinsed with 2-Butanone, IPA, and
DI water before drying with No.

- The samples with fabricated nanostructure arrays are now ready for further charac-

terization and fabrication step.

5. PbS CQDs thin film.

A thin film of PbS CQDs in toluene (concentration 26 mg/ml, purchased from Evident
Technologies) is spincoated in an open spincoater with a ramping speed of 400 rpm/s and
a constant speed of 2000 rpm for 15 seconds, followed by a hot bake at 150 °C for 3
minutes.

6. Hole transport layers.

- A thin Kapton tape is applied on protected side of the samples to protect the Al
electrode contacts.

- MoOy is deposited by RF magnetron sputtering mode in a Denton sputtering sys-
tem. We used a 3 inch wide Mo target (Mo 99.98%, Kurt J. Lesker) in a reactive gas
environment with %0, /(Ar + O) = 15% and power of 50W. The final gas pressure for
sputtering is 10 pbar and rate of deposition is 0.2 A/S. To enhance the uniformity of
MoOy we rotate the sample holder at a speed of 20 rpm.

7. Transparent anode-ITO.

Before sputtering ITO, the same shadow mask used for defining the Al cathodes is
placed on the sample but rotated by 90° with respect to the Aluminum strip direction. As
discussed in the main text, to enhance the mechanical stability of [TO on the underneath
layer, it is sputtered in a two-step process, with the beginning step at low power and the

second sputtering at higher power.
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ITO is sputtered in pure Ar enviroment with a 3 inch wide target ITO (99.99 % Kurt
J. Lesker) and pressure of sputtering is maintained at 8 pbar.

- The first step is proceeded with 30W of power in RF mode, as a result the deposition
rate is around 0.5 A /s until it is 10 nm thick.

- The second step is carried out with a higher power of 80W in RF mode, corresponding

to a deposition rate of 2.7 A/s. It is stopped after 80 nm of ITO are deposited.



Appendix E

Changes of metallic inclusions in

QDLEDs

The past decades have witnessed huge advances in nanofabrication in which nanostructues
are typically patterned on a flat substrate. However, to the best of our knowledge, we are
the first to have attempted to make nanostructures on a mesoporous layer of TiO 5 rather
than on a smooth substrate. As discussed in the text, the RMS of our TiO, layers is 4.6
nm according to AFM measurements. Although such a roughness is small compared to
the typical size of the grains forming the Au nanoparticles, one can wonder how it affects
the plasmonic resonances. This appendix will briefly discuss this point as well as how the
plasmonic resonances evolve when they are integrated in a full device.

Figure E1 displays the reflectance spectra of arrays of nanorings embedded in different
environments. The graphs show that the lithographied nanorings fabricated on a flat
glass substrate (black curve) have a narrower resonance compared to those fabricated
on a mesoporous TiOy layer (red curve). These differences are even more marked if the
nanorings are covered by a top layer of nanoparticle TiO5 (blue curve).

Now we turn to discuss the evolution of the plasmonic resonances as we integrate the
lithographied nanoparticle arrays inside our QDLED’s architecture. The left graph of

Figure E.2 displays the reflectance of nanorings embedded in TiO,. At the plasmonic
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Figure E.1: Response of Au nanoring arrays in different environments. The average inner,
outer diameter, and height of the Au nanorings are 110nm, 230nm and 33 nm, respectively.
The distance from center of one nanoring to center of another nanoring is 400nm. Black
curve: reflectance spectrum when the nanorings are fabricated on flat glass substrate and
then covered by approximately 300 nm of SiOs sol-gel so as to symmetrize the system.
Red curve: reflectance when the same nanorings are fabricated on a mesoporous TiO,
layer. Blue curve: reflection of these nanorings when they were covered by an extra layer
of mesoporous TiOs.
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Figure E.2: Response of the same Al nanoring arrays embedded in mesoporous TiO o (left)
and embedded in the full QDLED structure (right).

resonance, light is resonantly scattered, resulting in a maximum in reflection. The right

graph of Figure E.2 shows the reflectance spectrum of the same nanorings but embedded in
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a full architecture of the QDLED. The presence of the underlying metallic plane transforms
the reflection maximum into a reflection minimum at the plasmonic resonance frequency.
It also strongly shifts the resonance frequency to the red (indicated by a green arrow).
These changes can be attributed to the interaction of the nanoring resonances with their

reflective images due to the metallic planes [200] 201} 202].
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Résumé: Une nouvelle génération de
dispositifs électroniques et optoélectroniques
combinant hautes performances et bas cofit se
profile grace aux promesses des film a boites
quantiques colloidales (BQCs) et de leurs
propriétés électriques et optiques uniques. Les
BQCs sont des nanocristaux semi-conducteurs
synthétisés en solution qui se comportent
comme des atomes artificiels. Des progres
considérables ont été réalisés durant la dernicre
décennie pour développer une optoélectronique
a base de films BQCs mais les performances
des composants réalisés sont toujours limitées
par un certain nombre de propriétés propres a
ces milieux telles que leur granularité¢ et la
présence de ligands a la surface des
nanocristaux. Un deuxieme type de matériaux
artificiels, les métamatériaux, suscite un intérét
considérable de la part de la communauté de la
nano-optique en raison des perspectives qu'ils
offrent pour surmonter la limite de diffraction,
réaliser des capes d'invisibilités et des indices
de réfraction négatif en optique. Cependant, un
certain nombre des applications potentielles
des métamatériaux optiques se heurtent a leurs
pertes €levées et au manque de fonctionnalités
actives controlées électriquement.

Bien que les films BQCs et les métamatériaux
soient ¢étudiés de fagon indépendante et
associés a deux champs de recherche distincts,
leurs propriétés ont beaucoup d'éléments en
commun puisqu'elles sont dans les deux cas
largement dictées par leur géométrie interne. Il
parait donc intéressant d'exploiter ces analogies
et de voir si les difficultés rencontrées dans
chaque discipline ne peuvent pas étre
surmontées en combinant les deux approches.

Cette thése se propose de jeter les premiers
ponts entre films BQCs et métamatériaux et
constitue une premicre tentative d'établir une
synergie entre ces deux types de milieux
artificiels.

Dans un premier temps, nous étudions des
réscaux de nanoantennes plasmoniques
capables d'exalter la photoluminescence
spontanée de BQCs et apportons de nouveaux
¢léments de compréhension a ces interactions.
Ensuite, nous décrivons la fabrication et la
caractérisation de LEDs a BQCs inorganiques
et émission par le haut. Ces LEDs sont
développées de fagon a servir de plateforme
pour la derniére partie de ce travail qui
consiste a hybrider les films BQCs et les
métamatériaux. Dans cette derniere partie,
nous insérons les réseaux d'antennes
plasmoniques étudiés précédemment dans
l'architecture des LEDs et démontrons une
nouvelle forme d'¢lectroluminescence
artificielle. Celle-ci se traduit par 1'émission
de lumiére par des nanopixels discrets qui
peuvent étre arrangés de fagon arbitrairement
complexe afin de générer toute une gamme de
fonctionnalités. D'autres avantages seront
présentés comme une brillance accrue, une
tension de seuil extrémement basse, des
longueurs d'ondes d'émission contrdlées par la
géométrie et un controle total de la
polarisation. Une série d'expériences visant a
sonder les mécanismes a I’ceuvre dans ce
nouveau type de LEDs sera présentée.

Ce travalil illustre le trés grand potentiel qu'il
y a a combiner différentes classes de maticre
artificielle et suggere que bien d'autres
opportunités découleront d'une vision unifiée
des différents milieux composites développés
en physique, chimie et ingénierie.
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