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Abstract

Semiconductor quantum dots have attracted a lattefition for their potential
application in many fields such as optoelectroaicd biology.

In this study, we investigated the optical propsrinf hybrid nanocomposited
thin films made of PMMA polymer containing diffetterconcentrations of
core-shell CdSe/ZnS quantum dots. Both the absorpid luminescence spectra
can be well explained by taking into account quantaechanisms. From the
luminescence spectral evidence of the couplingefietween quantum dots has
been observed. With a pump laser emitting at 514henuminescence spectrum
centered at 560 nm strongly changes with time.

In addition, it is necessary to control the lumees light spatial distribution
where the application is concerned. Therefore wegwed structural films with a
bi-periodic grating by nanoimprint technique usingeagraved silicon mold. The
characterizations of the imprinted structure shoadgquality. We also showed,
by a numerical calculation, that the local field is meant in the periodic structure

and that the emission diagram can be controlléaeifar field.



Résumé

Semiconductor nanocrystals or quantum dots Les anmmtaux de
semi-conducteurs, ou boites quantiques, trouvent &pplication dans de
nombreux domaines. Pendant cette these nous avad#& des propriétés
optiques de couches minces nanocomposites de pelyRRIMA contenant
difféerentes concentrations de boites quantiques e{Zifs. Les spectres
d'absorption et de luminescence peuvent étre eMsigpar la mécanique
guantique. A partir des spectres de luminescenceunrg® nous montrons
clairement I’effet du couplage entre les boites quantiques. Sous I'effet d’un
faisceau pompe a 514nm le spectre de luminescesrteeéca 560nm évolue
fortement au cours du temps. Nous montrons quea@hes luminescentes qui
convertissent ainsi les fréquences optiques peuvent permettre d’augmenter
I’efficacité de cellules solaires. Par ailleurs, pour bénéficier au mieux du fort
rendement de photoluminescence, il est nécessaireodtrdler la répartition
spatiale de la lumiere émise. Pour controler eépiartition une nanostructure bi
periodiqgue a été réalisée dans des couches de Pbtiienant les boites
guantiques par nano-impression, en utilisant unlenen silicium gravé. La
caractérisation de la structure réalisée met ethedee la qualité de la méthode
utilisée. On montre également, par la théorie, Boikaque le champ local est
résonant dans la structure et que la lumiere seti@gn champ lointain dans les

directions de diffraction contrélées par la périoderéseau.
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Chapter 1. Introduction

In recent years, nano-objects have attracted mamjes A nanostructured
material can be defined as a system with pattertiel range of 1-100 nm. In
fact, different scales of natural materials surcm us, from atoms and
molecules to crystals and bulk components, haver tb&n intrinsic
nanostructure. Thanks to tremendous progress imt@emologies, optical
materials can also be artificially structured #iedent nanometer-scales [1].

Up till now, nanotechnology has primarily been cemned with the physical,
chemical, biological and engineering fields inchglihe realization of artificial
structures at the nanometer scale level. Amongrthiitude of nanomaterials
created, nanocrystals (NCs) are one of the keyesltsnwhose design and
function can be modified, tailoring their fundanaiyt chemical and physical
properties. A particular class of NCs which is gubpular and today represents
the most fascinating and potentially revolutionamprganic semiconductor
material, is the family of colloidal quantum do#.[In QDs electrons, holes and
excitons can be in strong quantum confinement wihendimensions of the
material are smaller than the Bohr radius [BExcitons are strongly confined,
then remarkable and novel optical and electricapprties are obtained.

Quantum dots are also referred to ‘amnocrystals” and the colloidal
definitions reveal their chemical origin. In faahemical synthesis currently
represents the most effective way to obtain highdityu(in terms of size control,
narrow size distribution, good crystalline strueturand high optical
performances) nano-objects on the gram scale [2]s,Tiney can be handled as

ordinary chemical substances and implemented inynf@ids such as in



opto-electronic devices (lasers, light emittingdidie or solar cells) [%], as well
asin biological applications (in vivo imaging or labélenolecular) [6-9].

This dissertation focuses mainly on the charaeioa of quantum dots and
their applications in nanocomposite thin films. sS'inesearch is based on the
cooperation between the Department of Optics amdoRits, National Central
University in Taiwan and the OPTO-PV team, Institatériaux
Microélectronique Nanosciences de Provence (IM2NP) Aix
Marseille University in France. The whole waskorganized into three princp
subjects. The first subject discussed the novelicalptbehavior of
nanocomposited PMMA thin films containing semicocidu quantum dots. The
second subject is focused on the control of ligldppgation by imprinting
periodic structuresn these hybrid polymer/ QDs thin fims. The thirdofact
considers the effects of these ideas and technap@#ed to solar cells.

In the chapter on hybrid organic thin films/ quantdots, we present the
characteristics of quantum dots embedded into PMMA films. The
experiment was performed by means of the propeposition of solutions and
the spin coating technique in order to deposit filims. From their optical
properties, strong excitonic features caused byntgoa confinement were
observed. Particularly in the photoluminescencdysisa a manifestly strong
peak with narrow widths obtained and evidence of the coupling effect betwe
guantum dots is also discovered. Moreover, we deirate the QDs properties
of the down-conversion frequency which can be tyexpplied to solar cells.
Through the external guantum efficiency analysis st®w that photons
converted from UV to visible light by the QDs afesarbed by solar cells.

Once a strong photoluminescence is obtained, tbrines more attractive and

more applicable if the QDs luminescence light canfusther controlled ints



spatial distribution. For this purpose, we presant structuring method based
on imprint techniques. Thanks to the transition terapge of PMMA,
thermally assigid nanoimpmts can be applied to transfer the structure from a
silicon mold to the hybrid PMMA/QDs layers. Afterheoretical and
experimental analysis, the periodic structure i de&fined showing significant
2D-grating properties. By means of electric field waion, a controllable QDs

luminescence into the spatial distributisrdemonstrated.



Chapter 2: Nanomaterial evolution and nanoimprint

technique

2.1 Development of nanostructured materials

For nanostructured materials, especially nanocls;sig now provide a brief
overview of the main studies regarding them caroed until now. Thus the
section is organized from nanostructures existimy nature, artificial
nanostructured materials and the new generatioa.nTdin focus in our study is
on nanocrystal materials, because of early devedomwhich have lead to a lot
of useful applications. Furthermore the new gem@mananocrystals ofa
core-shell type are also considered and compatédsingle core nanocrystals.

When changing over from bulk to nanocrystal sendumiors both the
electronic and optical properties are affectedFijure 2.1.1, the density of
states is varied from a bulk to a OD (dot) semicmtok with a change from
continuous to discrete energy states induced bfinesnent effects [3]The 1D

and 0D structures are analogous to quantum wirggjaantum dots [23].
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Figure 2.1.1The “Density of States” (DOS) function evolves from a bulk (3D solid) to a 2D,
1D and 0D system with varying degrees of confinement. [2, 3]



2.1.1 Nanostructures in nature:

Nanotechnology has been quickly developing durirege last few decades.
However, we are already actually surrounded by nangzing nano-materials
in nature. The most typical one is tfletus’ noted for its water-repellent and
self-cleaning surface$igures 2.1.2 (a) and (b) who a lotus leaf surtamesred
by micrometer-sized papillae decorated with nanomietanch-like protrusions
[10]. The roughness of papillae reduces the area ataco between the surface
and a liquid drop. This ideal structure has ingpseientists to‘imitate” it for

fabricating artificial self-cleaning surfaces ag-igure 2.1.2 (d) and (e}).

Figure 2.1.2: (a) SEM image of the surface of a lotus leaf aral lfimher magnification with
hierarchical structures clearly resolved. (c) A water drop on tii@cewof the lotus leaf attains
a nearly spherical shape. (d) SEM image of the artific&irlastructured silanized silicon
surface and (e) a higher magnification showing the dual lesugtle roughness. (f) A water
drop on the structured surface. [10]



It is however not only plants like the lotus, bisttamany insects and animals
have their own nanostructure, for example beetdes, mouse and butterflies
[11]. Due to genetic evolution, their structures whiafe built up in the
nano-sized range are natuyatreatedby their molecular precursors. Another
example is our own body, comprised a systematic composition of many
nanostructured materials such as the structui@N#, a nanostructure existing
within the nucleus of a cell which stores informaton evolution.

As shown in Figure 2.1.3 (a) and (b), the natunaictureof butterfly wings
IS quite interesting. Most of the butterflies ofetRapilio species present a
common bulk and surface structure. The upper memabia constitutecf a
multilayered air/chitin fim [12. An important property of the super
hydrophobic surfacef butterfly wings is found with a contact angle dfoat

160 [12] which is close to that of the lotus. In additidhe natural structure of

butterfly wings can be replicated as can be seéingre 2.1.3 (c) and (d).
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Figure 2.1.3: SEM images of the butterfly wing (a) and (b), the repdicairface (c) and (d).
Angle of view: 45.The scale bar corresponds to 50 qum(a),(c) and to 5 prman(b),(d). [12]



2.1.2 Artificially nanostructured materials: semicanductor qguantum dots

At the beginning of the 80s, a novel size effedueed by nanocrystals of
very small size was discovered by A.L. Ekimeval. [13]. In this paper, the
exciton absorption spectrum of CuCl crystals grawra dielectric matrix has
been studied. The crystal size could be contrdi@oh several tens of angstroms
to hundreds of angstroms. With size variationsalasorption shift (of up to 0.1
eV) could be attributetb a quantum size effectd]. In 1988, M.A. Reed et al.
investigated the electronic transport through adkdtimensionally confined
semiconductor quantum structuré4l They showed that the fine structure
observed in resonant tunneling through the doesponds to a discrete density
of states of a zero-dimensional systemis Aero-dimensional system was also

named for the first timas"quantum dots"14].

General synthesis and processing of monodisperseanocrystals[15]:

In the general synthesis of monodispersed nan@isystiassic studies by La
Mer et al. have shown that the production of monodispersleids|requires a
temporally discrete nucleation event followed bgwar controlled growth on
the existing nuclei as shown in Figure 2.114]] It is necessary to raise the
precursor concentration above the nucleation tlotdskia rapid addition of
reagents to the reaction vessel. The result of cat stucleation burst can
partially relieve the super-saturatiolfi. the consumption of feedstock by the
growing colloidal NCs is not exceeded by the rdt@recursor addition to the
solution, no new nuclei is forma Because the growth of any type of NC is
similar to all others, the initial size distributias mainly determined by the time
over which the nuclei are formed and begin to greMnodispersed NCs with

diameters with standard deviationsoof 5% can be made in this way.



Figure 2.1.5 shows high resolution TEM observatiohthe size and shape of
CdSe NCs. This image indicates a nearly spheritale with a size of around

3.9 nm that was clearly produced5[17].

Monodisperse Colloid Growth (La Mer)
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Figure 2.1.4: (A) Depiction of the stages of nucleatiod growth for the preparation of
monodispersed NCs in the framework of the La Mer modeN@s grow with time, a size

series of NCs may be isolated by periodically removiiguats from the reaction vessel. (B)
Representation of the simple synthetic apparatus employed preparation of monodisperse
NC samples. [15, 16]
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Figure 2.1.5: Collection of high resolution TEM images for typit&l materials such as (A)
<100>-oriented CdSe (scale bar =15 A), (B) <001>-oriented CdSe (scale bar =15 A)] [15, 17



General energy bandgap blue shift with size:

Many types of semiconductor NCs (or QDs) have lmesmeloped during the
few decades including CdSe, CdS, CdTe and PbS aamdgofl8, 19]. Their
energy bandgaps are very different, making possibiyierous applications.
One of the most attractive characteristics of thesmiconductor QDs is the
size-dependent band gap which was caused by quardofimement effect [3]
which can be theoretically understood by solving 8throdinger equation, for
example, a simple case of electrons in 1-dimeng@h Via this confinement
effect, the essential bulk energy bandgap candmdfisantly shifted to a higher
photon energy (blue-shift phenomenon) with its dasing sizedl]. As shown
in Figure 2.1.6, both CdSe and PbS nanocrystalgaled a blue-shifd
absorption spectra with reduced sidéne same shift is also obtained on the

luminescent spectrum, as shown in Figure 2.1.7.
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Figure 2.1.6: (a) Size tuning of CdSe nanocrystal absorptioctrapgpanning the visible
spectral region. (b) Size tuning of PbS nanocrystal absorgpentra spanning the near-
infrared (NIR) spectral region. (c) Transmission elactmicroscope (TEM) images of
different PbS nanocrystal samples with average sizes rafigmg.3 to 5.5 nm. [18, 19]



A red-shift can be observed between the absormptidneamssion of QDs
Some possible explanations are illustrated in leig2rl.8 P2]. This figure
reveals different possibilities linked to the efeaic energy transition due to the
splitting of the discrete energy levels caused bgntum confinement in the

semiconductor nanoparticles [3].

"
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Figure 2.1.7: Colloidal suspensions of CdSe quantum dots of imgeage from left
(approximately 1.8 nm diameter) to right (approximately 4.0 nnudi@meter). Bottom:
Samples viewed in ambient light vary in color rom greellow to orangered. Top: The
same samples viewed under long-wave ultraviolet illuminav@ry in color from blue to
yellow. [22]
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Figure 2.1.8: Relationship between absorption and emissiogiesdor discrete molecules
(left) and for semiconductor nanopatrticles (right). When a phistabsorbed thereby exciting
an electron from the ground state (1) to an excited &atthe bond order decreases and the
atoms relax to a longer internuclear distance (3) befoeeemission of a photon (4) and
relaxation to the ground state (1). In semiconductor nanofesrtihe process is the same
(steps 34) but there are more possibilities for the energy of tlwdrele under excitation from

a photon to match an electronic energy transition. [22]
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2.1.3 New generation of semiconductor quantum dots:

One of the primary aims in modern materials is thesign of new
nanomaterials that exhibit novel properties to tdzed in various applications.
With similar aims, colloidal techniques have thegmbial for developing elegant
extensions of the synthetic NCs. These novel N@she the fabrication of
hybrid NCs in which domains made from different enatls can be assembled
together in a single nano-object. These nanostegtwould merge the
properties of the individual materials, with nevoperties being likely to arise
from their combination. In the synthesis of NCs madimore than one material,
the formation of a large interface between the twdenmals is also frequently
observed when the lattice constants of the two compts do not differ

significantly from each othef§|.
Semiconductor core and core-shell quantum dots:

Generally the semiconductor quantum dots exhibghhiuminescence
emissions This high efficiency of light emission is largeluel to the strong
overlap between the electron and hole wave furgtinrthe confined quantum
structure, whereas the exciton in bulk semicondsci® not confined in space
and can rapidly dissociate, increasing the proitalmf nonradiative relaxation
events associated with crystalline defects andgehaarrier traps on the crystal
surfaces 24). However, there still exists a major source ohnaaliative decay
from the surface trap states, represented by uasadubonds on the surface
[25]. Thus, it is important to have another typamely coreshell nanocrystals,
for passivating and further enhancing the luminese&om the core particles.
Normally the CdSe core withlow bandgap can be covered by a wider bandgap

material of ZnS as can be seen in Figure 2.1.9.
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Figure 2.1.9: The band gaps and their relative alignment for sessteiddonductor materials

with the band offsets. The numbers in the bars indicateviddh of the bulk band gap in
electron volt. [26]
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Figure 2.1.10: (a) Fluorescence spectra of one type of CdSe ystadcrovercoated with
shells of ZnS of different thicknesses. The CdSe caaes & diameter of 4.2 10% nm and
the shells have a thickness of (a) O, (b) 0.65, (c) 1.3, (d) 2.6, and (e) 5.3 mosokgeS. In
addition to the variations of the quantum yield (see inset), amelso observe a red shift and
a broadening of the spectra with an increasing shell thick(l®sRadial probability density
of the electron and the hole for the lowest energy stide CdSe cores and CdSe/ZnS
core-shells. Due to the lower step in the potential at théaserof the CdSe section in the
case coreshell nanocrystals, the probability density in the ZnSiseds increased when
compared to the respective volume in the case of the bare Gu8s. This leads to an
efficient increase of the confinement volume and thua light red shift of the optical
properties. [27, 28]
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In Figure 2.1.10, the area under the wave funaifdooth the electron and the
hole in the matrix surrounding the nanocrystal éerdased in the case of the
core-shell nanocrystals, and thus the probability odlifig excitons in this area
is also diminised Therefore, the probability of an interaction bedw the

excitons and the host matrix is reduced as \2€]l [

Type | and type Il semiconductor core-shell quantundots:

The core-shell Type 1 QDs are described. The ledgés of the core material
are localized in the band gap of the shell mate@diSe/ZnS is a typical case for
Type I. Moreover, in 2003, Bawendi and co-workersppseda new type of
core-shell semiconductor heterostructure for witieh conduction and valence
bands of the core and shell material are staggessditing in the segregation of

electrons and holes between the core and sheliiaiat29].
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Figure 2.1.11: Alignment of the conduction and valence band edgesgofdypesof hetero-
structures. (a) Type | has a straddling configuration, wherpadlityb) is staggered. [30]
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The goal in the formation of type Il heterostrueturis to generat@
considerable red shift in the optical propertigg].[ As can be seen in Figure
2.1.11, the type Il heterostructures can inducetrelas b be mostly confined in
the core material and cause holes to be mostlynamhto the shell material, for
example, CdSe/ZnTe core-shell Q28|[ Thus the localized electrons/holes in

different sections can obtain a longer excitortitiie via reduced overlap2€.

Semiconductor nanorods and other unique shapes:

Other unique structures were studied by Milliron, Blughes SM, et al.
Figure 2.1.12 shows inorganically coupled colloi@dls and rods which can be

connected epitaxially at branched and linear jonstwithin singleNCs [31].

Figure 2.1.12: Nanocrystal heterostructures. Extended rodse(a)farmed by first growing
CdS nanorods (b), and then adding CdSe extensions to eachrandhd®l rods (e) result
from nucleation of CdTe on either end of CdSe nanorodlsAfCdTe zinc-blende region at
one end creates the branch point. CdSe tetrapods (c, g) serapzinc-blende core and four
wurtzite arms. Extending each arm linearly with CdTe dgieextended tetrapods (d).
Branched tetrapods (h) result from nucleation of CdTe-zlende branch points on the end
of each arm. The model sequences illustrate the growitegses. In each case, the first
generation is shown in gray and the second in yellollewed and blue parts indicate the
unique crystal faces of the wurtzite structure. [31]
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2.2 Development of nanocomposite thin films

Regarding the nanocomposite thin films, they can tieated as fims
composed of different distinct phases where a cleniatic length scale is in the
order ofa few nanometersGenerally two distinct phases are mostly defined in
nanocomposite thin films. Due to the unique nancstres, these artificial new
materials are expected to display optical propentaally different from bulk
composites ones. Several types of nanocomposite fihms have been
considered in many applications such as multilayenen films and granular
nanocrystal thin films. Conventionally the optigabperties of the former type
of film gained considerable attention and there @mly a few studies on the
latter type B2]. For the former type, the multilayers are composé two or
more different materials with different refractivadices Many types of
spectrum filters can be obtained such as high/lassdilters and narrow-band
pass filters, anti-reflection (AR) coatingnd thermal mirrors for improving the
optical system and optoelectronic device. For exantpere are already many
applications which use AR coating in displays anldrcells.

With more and more developments and improvemiantsinotechnology, the
granular nanocrystal thin films can achieve more anore sophisticated
compositions, for example, dielectric/granular metdielectric/embedded
semiconductor crystals, polymer/ embedded semiadoderystals, and so on.
Different composite thin films belong to their ofumction. Take granular metal
flms as an example. They are composed of a thn fieramic matrix
embedded with metal granules of diameters as swall few nanometers, and

exhibit novel behavior in terms of their hardnesd apparent elastic behavior

[32.
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2.2.1 Dielectric material contains nanocrystals:

In many types of nanocrystals/dielectric nanocortpodayers, the
silica-based nanocomposites are considered on&eopdtential systems for
guantum confinement in semiconductive nanocrytdallin order to have better
control of their shape and properti&@3][ These embedded compositions can be
considerechs metal or semiconductor nanocrystals.

Metal nanocrystals/dielectric nanocompositestheir optical properties have
attracted numerous studies becawo$ethe unique electronic properties and
surface-enhanced spectroscopic applications couchgarthe bulk material3,
35. Many studies have been reported the effect of iedumetal particle size
on the optical process in these fim&hen such a metalielectric
nanocomposite is excited by light, photons are Emup> the metaldielectric
interface, causing an induced charged densitylasmit and showing a strong
absorption maximum, called the surface plasmomegesme B6]. The resonance
frequency is influenced by several factors, e.ge size and shape of the
nanoparticles and also their surrounding environn&i]. In [36], silver
particles embedded in the silica nanocompositeftimms were prepared by high
pressurddC sputtering technigue. These increase in subdaateerature easily
causing a variation in the size and shape of thepeticles. Films containing a
distribution of particle sizes and shapes leadn inhomogeneously broadened
and asymmetrical surface plasmon resonance ingtieab absorption spectra
They found that the size and shape distributionrmefal nanoparticles has a
profound effect on the optical absorbance spectra.

Semiconductor nanocrystals/dielectric nanocomposite the wide bandgap
material ZnO has attracted much research atteduiento its desirable physical

properties. ZnO has a large exciton binding endeggund 60 meV) at room
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temperature 381 which can provide efficient excitonic emission @om
temperature. Because ZnO emits a broad luminescentission in the
greenyellow region, this property renders it as a paatmhaterial for blue- or
white-light emitting devices 3P]. There are many methods for making an
emitting ZnO/SiQ nanocomposite thin film, such as the-gel [38], molecular
capping 0] and also the sputtering method which can be eyapid89]. Figure
2.1.1 clearly shows crystallized ZnO NCs embeddeddilica matrix33].
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Figure 2.2.1: TEM micrographs and electron diffraction pattef tisree

representative ZnO/Sihanocomposite films annealed in air for 10
min at (a) 573, (b) 673 and (c) 773 K. [33]
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2.2.2 Organic polymer containing inorganic nanocrygls:

Organic polymer/inorganic hybrid materials are promising candidates that
have attracted considerable attention due to ¥aelable physical and chemical
properties for materials including nanoparticldd]. Incorporating inorganic
nanoparticles into a polymer matrix is most striward and common
method for fabricating such hybrid materials. Thdrave been several
publications on hybrid materials with their enhathedectrical, mechanical and
optical properties

To obtain tunable electrical properties with nanoconposite material, it
can be achieved through hybrid polymer/metal pesgicin B1], silver is
incorporated into polytetrafluoroethylene (PTFEhey found that near the
percolation threshold an expected sharp changeirdsistivity from 10Q
(polymer-like material) td0° Q for a metal-like material, when increasing the
silver content in the polymer. Inighcase, a significant change in resistivity of
several orders of magnitude occurs with just a lgpesitentage point change in

the metal amount, as clearly shown in Figure 2.2.2.
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Figure 2.2.2: Change of the electrical resistivity with an ineréadlling factor for AQ/PTFE
nanocomposite films. [41]
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To obtain tunable optical properties with nanocompsite material,
inorganic nanoparticles can be embedded polymer matrix to form a high
refractive index nanocomposite4d. For example, incorporating PbS
nanoparticles into gelatin or poly(ethyleagide) has been reported3 44].
High refractive index nanocomposites have als@etd considerable interest
in light emitting diodes (LEDs) encapsulatiod5]. The light extraction
efficiency will be greatly enhanced due to intermaflection phenomena
occurring at the interface between the light engtSemiconductor layer and the
resin B2). On the other hand, titanium oxide (EiQitania) is well-known as an
inorganic material having a high refractive index®.45 (anatase) and ~2.70
(rutile) [4€6). Thus it can be another potentially promisingormorated material
for the polymer matrix to achieve hybrid layershaathigh refractive index.

To obtain tunable optical properti@s the nanaomposite material such as
absorption spectrum and luminescent emission wagtie the change of
nanoparticle size is a direct solution becaus@é®fuantum confinement effect.
Typical absorption and luminescence spectra of fsmwath different ZnO QD
sizes separately estimated to be 12, 7.4, 6.54223and 3.5 nm are shown in
Figure 2.2.347]. The UV emissions represent the relaxed stathe£xcitons
near the band edge in ZnO QI3S][ In general, quantum confinement shifts the
energy levels by generating a blue shift in thediteoon energy while decreasing
the particle size. Thus with the nanocomposite nadteve can not only control
the level of spectral blue shifts by tuning thetiplr size, but we can also
modify the spectral intensity from the particle awpratio. Figure 2.2.4 [4]
ZnO-QDs embedded in a transparent epoxy used éeieapsulation of UV
light-based white light emitting dioxides (UV-WLED§mps shows an example

of nanocomposite applications.
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Figure 2.2.3: PL (solid line) and absorption (dashed line) spectrahaelaand edge of
various sized ZnO QDs. [47]
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Figure 2.2.4: Fluorescence emission spectra of pure epoxy and ZnO Q&siapocompo-
sites excited at 370 nm. The inset shows the photographs of theLLBD lamps (370 nm)
encapsulated with the pure transparent epoxy (left) andr@eQ@Ds/epoxy

nanocomposite (right) containing the 4 wt % ZnO QDs content. [4]
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2.3 Historic development of nanoimprint lithography

Nanoimprint lithography (NIL) isa novel method to fabricate micron to
nanometer scale patterns with high-throughput eandclost f48. Originally the
NIL technique was developed due to the high coslt lanited resolution of
optical lthography 49]. Scanning electron beam lithography can reacmrhO
resolutions. However, mass production of sub-50 structures seems
economically impractical due to inherent low thrbpgt in a serial processing
tool [50, 51]. X-ray lithography can have a high throughputhwdemonstrated
50 nm resolutions, but the cost of X-ray lthognaEhmuch higher$2. For the
above reasons, the nanoimprint lithography teclnias first proposed by
Stephen Y. Chou and his students in 1&9Hrovide researchers with the means
they needed to have a high resolution patternicignigue with a structural size
below 0.1um [5]].

The term NIL initially referred to a hot embossiitbography (HEL) process,
and was also used as a synonym for thermal nanmimiithography p1].
However, it now has an extended meaning which includes not tha two
fundamental types (Thermal NIL and UV-based nanambplithography,
UV-NIL), but also many different variations subsedlyetteveloped, such as the
roll imprint process, laser-assisted direct imprmetverse imprint, etc4p]. The
former two general methods will be discussed iaitlgt the following sections.

In the applicable fields the NIL technique can tee@sist patternsmprint
functional device structures and ewamlarge-areas from micron to nanometer
scale Thus, this leads to a wide range of application®iatechnology %3,
electronics (LED, OLED, flexible display), photosjcdata storage (Hard Disk
Drive) and so or49, 54]. NIL has great potential for commercial prospecid an

its use is growing rapidly in many applicationdielthroughout our life.
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2.3.1 Thermal nanoimprint lithography:

In this section, we discuss the mechanisms of thieil and give examples
of the requirements for commonly used plastic nierin the mechanism of
thermal NIL, it is important to make sure that teenperature of the material
increases to around the glass transition temperdiyy, so that the polymer
reaches a typical viscoelastic behavior. In théstes, the polymer becomes soft
enough to be imprinted. When the temperature keepg above the melting
temperature (), the polymer turns into a viscous liquid and plodymer starts
to flow [55. Normally the temperature of thermal NIL is ogechbetween J
and T, with a proper casting high pressure. There arerggoirements for the
thermal NIL process that can be met simultaneousdy increasing the
temperature above the, of the polymer, so thatoth Young’s modulus and the
viscosity will drop by several orders of magnituctempared to their respective
values atoom temperature (Young’s modulus for glassy polymers just below T,
is approximately constant over a wide range ofrpefs, at ~3x10Pa) p4.

Of the thermal plastic polymers, polymethylmethé&dsy (PMMA) can be a
good candidate. There are several reasons werercfmsimprinting. First, the
PMMA polymer does not adhere well to the %) mold due to its hydrophobic
surface. Thus it can provideogd mold releasing properties which are an
essential factor for fabricating all nano-scalddess. Second, the shrinkage of
the PMMA polymer is less than 0.5% when encoungedarge changed
heating temperature and casting pressbig [This means that the transferred
patterns can be stably maintained with little defation process. An example is
shown in Figure 2.3.1 presentid@ um circles replicated in a PMMA layer via
the NIL technique, revealing the clear transfépatterns with a specific depth

of ~400 nm.
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Figure 2.3.1: AFM images of 10m circles replicated in a PMMA layer by the NIL technique
with an imprint force of 1000 N. [56]

The formation of a silicon mold can be acegdsy another etching technique
like electron beam lithography. The mold can be mased of gratings or
periodic cylinders that are quitnaracteristicof the transfer performance. Mold
engineering has been impemito meet more and more imprinting requirements
Up to now, the mold can be of any desired morphgladnere the focused ion
beam (FIB) technique is used to directbarve out” the desired mold features
Thus it is even possible to achieve 3D or grayespalterns that are generally
very difficult to fabricate, or would sometimes aive multiple steps including
other lithographic techniques to obtain. An exampfe such a structer
fabricated by FIB is shown in Figure 2.3.2. FIB mlAyd many uses in

NIL-related applications with more complicated n®id the future34).

Figure 2.3.2: Mold fabricated by using FIB (a gray-scale pattetiredl SF l0go).
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2.3.2 UV-curable nanoimprint lithography:

Since 1995, nanoimprint lithography using the hwoibessing technique (or
thermal NIL) has attracted much attention as arraitive method comparing to
conventional lithography. Another promising apptodar UV-curable NIL was
established as an alternative to the thermal N lbas now become another
common method just as important as the standarohah@lIL.

The UV-curable technique was first proposed byHai et al. in 1996)].
The thermal NIL process requires high temperatares heavy pressures for the
nanoimprinting of thermoplastic materials. Theseld&dmit the throughput for
mass production via NIL techniquedn the other hand, the thermal expansion
mismatch between the mold and the substrate oftepepts an obstacle for
pattern overlay over large substrates. An altevea to use liquid precursors
that can be cured by UV light at ambient tempeestuFor such materials, the
low Young modulus and low viscosity requirements raturally satisfied. The
low viscosity of the monomer fluid makes the imprinting processless
sensitive to the effects of pattern density rebfte NIL [54]. There are two
main polymer classes, which could be considered th& curing system:
acrylates (free-radical polymerization) and epoxgmpounds (cationic
polymerization). The former shows higher polymetiaa reactivity and faster
curing rates than epoxy systenas][ The curing reaction initiated by UV light

Is shown in Figure 2.3.3.

R photoinitiator R
h
L, T
9 0o
R; Ry

Figure 2.3.3: Free-radical polymerisation of (meth)acrylate atediby UV exposure
(acrylates R=H, methacrylates R=¢ IR various functional groups). [58]
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The process fotJV-curable NIL is similar to thermal NIL techniques a
shown in Figure 2.3.4. The difference is thdt\&transparent mold is pressed
into a liquid resist layer and then hardened byosupe to UV-light at room
temperature. The defined patterns in the resisttloam be transferred into the
underlying substrate via etching, much like thecsqal and developed resist
layers in conventional lithographic technologig8][. Compared to thermal NIL,
a low imprinting pressure is still needed 1d¥-curable NIL, which must be
sufficient to initiate lateral resist flow into th@old cavities. In addition the
casting pressure should be large enough to comihvessr inside the cavity or
to dissolve it. If the environmental air pressuefolpe the mold to sample
contact is lowered, the amount of air trapped @édide cavities is reduced
significantly and therefore the pressure requicediiate the lateral resist flow
iIs minimized 0.

Spin coating and softbake

— mould
| | | release layer
-r._._,.r'_

polymer

substrate

Imprint at room temperature

Fleee L

UV exposure

J;‘ ‘ ‘ 'v— UV light
|JFEILu :EHSE = lj

‘%* cured polymer

Anisotropic plasma etch

r/—ﬂ—%

Figure 2.3.4: lllustration of the process of UV-curable NIL. [58]
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Figure 2.3.5: SEM micrograph of a printed narrow channel transwitoa width of 80 nm
and deptlof200 nm, transferred into silicon via UV-curable NIL. [59]

2.3.3 New material developments

The rapd growth of NIL in recent years has led to the usenofe and more
new materials as a nanoimprint resist for furtr@redopment. In NIL, there can
be a reduction in precision caused by distortiorthef imprinted structure or
stamp features due to the thermal cycle of hedotigwed by cooling. To
overcome these problems photo-curable monomerasae for polymerization
during the imprint process. However, this procedwenerally utilizes
transparent quartz stamps that require a compdidaterication process and thus
this becomes more expensive than the usual siktamps §1]. Thereforea
transparent and low-cost material in the UV rarggeequired for photo-curable
methods. Several types of polymer systems have ineestigated, for example,
one of the promising materials is a thermally clgaBolydimethylsiloxane
(PDMS)-based liquid resist that can be imprintedthwhigh precision,
UV-transparency and is very quickly for thermally ssinked p4]. Until now,
PDMS has been used in many nano-lithography teabsjqwhich are also

referred as ‘soft lithography’[62, 63.

26



A combined UV-curable NIL technique, the Soft UVrademprint technique,
featuring transparent flexible molds and low visiyo&)V-curable resist has
been developed, which enables the definition ol lagpect nanostructures on
the wafer scalePDMS is then used aa standard mold material due to its
favorable properties such as flexityilandUV-transparencyd4].

On the other hand, the polymer, PDMS, has a muwshrisurface energyoh]
compared to the vast majority of resists usedHtermbal NIL methods such as
PMMA and polystyrene (PS). Thus this polymer caoalirectly replicate any
structure and even organic morphology like theslofif] because of its low

surface energy, flexibility and good chemical difybi

Figure 2.3.6: SEM images of a natural lotus leaf (a) and (b) @néplicated surface (c) and
(d). Angle of view: 78 except for (b) 45 The scale bar correspond to 50 um on (a), (c) and to
10 pum on (b), (d). [12]
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Chapter 3: Experimental framework and methods

3.1 Experimental framework

The important exitonic features in quantum dots ivated us to study the
guantum dots experimentally and to investigate theiical properties. An easy
method to study quantum dots experimentally isisparse them im solvent.
However, this liquid state is not convenient foplgation when compared to
thin films and devices. Therefore, we proposed elding the QDs into
polymer thin films, such as PMMA, making hybrid éag of PMMA/QDs. The
choice of PMMA is made because of its transparamelye near UV and visible
range making it a potential candidate for the hgstinatrix. Thanks to the
highly luminescent properties of these QDs, we ithemonstrated this hybrid
layer/QDs can be appligd solar cells.

After obtaining the optical properties of hybridnttilms/QDs, we structured
these hybrid thin films/QDs into periodic structure order to further control
the spatial distribution of the highly luminesceright of QDs. The structured
hybrid thin films were fabricated by the thermahaanprint method due to the
softened PMMA polymer above the transition tempeetAfter the optimized
nanoimprint, the transferred structural characétion of hybrid thin films and

their simulated optical field distributions wererjoemed
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To summarize, the framework can be divided intcesd\principle directions
as follows. In these parts, the analysis methodsh @s the size determination
technique, determination of periodic properties aptical field calculation, are

separately represented.

<Part I> Hybrid Polymer Thin Films with Quantum Dots

In the first part, the purpose is to focus on ctimr@ing the intrinsic optical
properties of CdSe/ZnS QDs by embedding them iMMR polymer thin films.
Different characterization techniques are us€de major types of analysis
performed are as follows:

(1) The absorption spectrum: deduced from speattopieter results;

(2) Excited luminescence spectrum: by photolumieese measurement;

(3) Luminescent intensity variation: by time-resimlo photoluminescence;

(4) Observation of QDs size and distribution: byM Eheasurement.

<Part 11> Nanostructured Hybrid Polymer Films with Quantum Dots

(1) The transition temperature )= The heating variation with fixed pressure;
(2) Morphology and periodic propertie® Chromatic confocal measurement;
(3) Optical field prediction® Finite-difference time-domain simulation;

(4) Diffraction pattern induced by nanostructeeHe-Cd c.w. laser;

(5) Excited luminescence spectredn Photoluminescence measurement.
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A flow chart of the major parts of the experimesithen shown in Figure 3.1.1.

(1) Hybrid Polymer Thin Films with Quantum Dots

Spin coating\i%

PMMA thin films with PMMA thin films with
high transparency CdSe/ZnS QDs
Spectrophotometer <« __» Photoluminescence
Analysis
Time-resolution PL TEM measurement

.......................................................................................................................................

(1) Nanostructured Hybrid Thin Films with Quantum Dots

Thermal Nanoimprint

Nanostructured PMMA thin films with CdSe/ZnS QDs

........................................................................................................................................

Transition temperature Morphology properties
/'

Analysis

Optical field simulation 28 ~ Diffraction properties

Figure 3.1.1: Flow chart of the experiment.
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3.2 Spin coating method- Hybrid Thin Films/ QDs

Spin coating is a widespread practice in moderense and engineering,
where it is used to deposit uniform coatings oftipalate matter on a flat
surface 66]. It is a fast and easy way fabricate cheap and homogeneous thin
layers. Therefore we applied this method to coahghrid thin films with QDs.
By extracting an excess amount of solvent from dlseprepared polymer
solution contained QDs, it is then casted ontcsthizstrate that is then rotated at
high angular speed. The residual fluid is therefloreed out of the filmby
centrifugal force and a solid film is formed. Thanscoating method also has
many other applications such as use in microelecsao coat a photoresist on

silicon wafers for the lateral process of lithodrappatterning 67, 68|.

ambient gas

| i h(rt) liquid coating
2=0

substrate

Figure 3.2.1: lllustration of spin coating (Laurell Technologies Caugmom) and description

of the related mechanism of spin coating. [66]

Figure 3.2.1 shows an illustration of the spin eodtaurell Technologies
Corporation) utilized in the experiments. The cwatprocess is illustrated in
detail on the right hand side of this figuiThe rotating plane is horizontal so

there is no radial gravitational component and lidnaid layer is so thin that
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differences in gravitational potential normal te@ $urfacds negligible pg]. To
further simplify the problem, one or more additibapproximations coulde
made: that the rotating plan@e infinite; that the liquid layerbe radically
symmetrical, and so o6§]. Some theoretical analyse$spin coating based on
the principles of hydrodynamics have been invesjabecause of the
systematic physics and mathematical compleXé811]. Concerning the final

film thickness, there are several important facteingh shall be considered:

{(1)\ﬁscosity and concentration of the solution

(2)Rotational speed and time

However, the disadvantage of this spin coating oebththat the proper solvent
is limited. Taking the quantum dots we used asxample, they are soluble in
toluene, hexane and chloroform but not in ethamodcetone. Therefore, the
solubility characteristics of the QDs in the choselvent should be well-known

before the spin coating.

3.2.1 Rotational speed and time:

For most of the resin materials, the coated thsges are inversely
proportional to the spin speed and spin time. Tiia starts, as the solution
covered the substrate. We find sometimes therprai@lems as listed in Figure
3.2.2. (1) The layer is too thin. This might be $edi by too fast a spin speed or
too long a spin time. (2) The surface of the suaitstreveals some uncoated
areas. The possible reason might come from ingiftidispensing quantity of
the solution or inhomogeneous dispense. (3) Théedddin films have some
visible air bubbles inside the films. This might dee to residual air in the

dropper which was not yet squeezed out.
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[ Films are too thin [ Uncoated areas
e a e 3
Spin speed is too fast and Insufficient dispense
spin time is too long guantity on substrate
\ / \ /
Films are too thick Revealing pinholes
7 3 7 3
Spin speed is too slow and Residual air bubbles may
spin time is too short come from the dropper
\ J \ J

Figure 3.2.2: Problems and related reasons encountered dunrapafing process.

3.2.2 Viscosity and concentration of the solution:
The viscosity and concentration of the solution wifluence the coated film
thickness. As shown in Figure 3.2.3 a larger vigg@s concentration brings out

a thicker film and vice versa.

C;: High concentration
C,: Low concentration

Film Thickness

Rotation Speed

Figure 3.2.3: Variation of film thickness against rotational speidds@lution concentration.
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3.3 Measurement methods

3.3.1 Spectrophotometer- transmission and reflectomeasurement:

We used a HITACHI U4100 commercial spectrometermeasure the
spectrum of the deposited samples. The spectrometerequipped with light
sources oh halogens tungsten filament lamp (W1 lamp) ardkuterium lamp
(D2 lamp) the range of wavelengths from 190 nm3003nm. The spectrometer

combined an integrated sphere to eliminate theennisneasurement.

5° angle

=
1.

Sample

Figure 3.3.1: U-4100 Spectrophotometer.

3.3.2 Photoluminescence measurement:

Concerning the photoluminescence (PL) measurenteist,a contactless
nondestructive method to obtain the electroniccsétine of materials. The PL
applied phenomenon involving absormtion of high rgmephotons and then

subsequent emission of light from material itsatier the term luminescence.
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Radiative transition:

There are several possibilities for returning te dginound state. The observed
emission from a luminescent center is a processtofning to the ground state
radiatively. The luminescence quantum efficiencylé&ined as the number of
photons emitted divided by the number of photorsodied, and in most cases
Is equal to the ratio of the measured lifetimeh® fadiaton lifetime of a given
level. The processes competing with luminesceneeradiaton transfers to
another ion and nonradiation transfers such asiphahon relaxation and
energy transfer between different ions or ions sifridlar nature 72).

Figure 3.3.2 shows the configuration coordinategien in a broad band
emission. Assumptions are made af offset between the parabolas of the
ground state and the excited statd).[ Upon excitation, the electron could be
excited in a broad optical band with higher phoémergy than material energy
bandgap and brought in a high vibrational levelirduthe excited state. The
center thereafter relaxes to the lowest vibrat®rell of the excited state and
gives up the excess energy to the surroundings rEllaxation usulgl occurs
nonradiatively. From the lowest vibration leveltbé excited state, the electron
returns to the ground state by means of photons@mig72). Therefore, the
difference in energy between the maximum of thet@bion band and that of the
emission band is found. This difference is called $tokes shift73] where the

red-shifted energy generally occurs.
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Figure 3.3.2: Configuration coordinate diagram for a broad band emiggiassumption is
made on an offset between the parabolas of the ground state and stetite[72]

Non-radiative transition:

The energy absorbed by the luminescent materiaishwk not emitted as

radiation is dissipated to the surrounding cryfgtiice. The relaxed-excitation

state may reach the crossing of the parabolas itatmperature is high enough

[72] in which case, it is possible for electrons ttume to the ground state in a

non-radiative manner. The energy is released astbehe lattice during the

process T4]. The non-radiative processes competing with l@saence causes

energy transfer to the local vibrations of atomsiiclv are usually called

phonons in solids Generally, non-radiative transitions mainly comenir

materials through indirect energy bandgap withet&istance of phonons.
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3.3.3 Spectroscopic ellipsometr}75, 79):

In our research, spectroscopic ellppsometry (SOPES-5) was used to

measure the optical constants and thickness ofilims. When light is reflected
from an isotropic dielectric surface, thaio of reflective coefficients!s and

[, of S-polarization and P-polarization is measured

ls = ‘rs‘eigs (3.3.1)

o :‘rp‘eiép (3.3.2)

where ‘rs‘ and ‘rp‘are the amplitudes of the reflection coefficieais O

and o p are the phases of the reflection coefficients.nTthe ellipsometric
function (p) and the ellipsometric anglesandA are defined:

io
T _lole™ _Iry

r. r e - r

S

i(5,—35)

e = tany xe*

p e
i (3.3.3)

By fitting the values ofy and A with theFresnel equation and Snell’s law, the

optical constant and physical thickness of thimsilan be derived.
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3.3.4 Transmission and scanning electron microscopy

Electron microscope (EM) is an imaging techniqugdoiaon the interactioof
electrons with matter. Therefore, it can help usltain different information

such as:

a) Crystalline structure, b) Microstructure and

c) Chemical element compositions and bonding analgs

In many scientific fields, electron microscopesd aspecially transmission
electron microscopes and scanning electron micpescéiorm the primary tools
for analysis due to their high resolution for detiEring the morphology and

material structure. We will first introduce theninziples.
3.3.4(a) Transmission electron microscopy:

The transmission electron microscope (TEMl)capable of imaging at a
significantly higher resolution than the opticalcnoiscope because of the small
de Broglie wavelength of the electrons. This ermhls to examine very fine
details of the prepared samples even at the atsoete, which is tens of
thousands of times smaller than the smallest rabt@vobject in a optical
microscope 17, 78. The beam of electrons is transmitted throughulma-thin
specimen, interacting with the specimen as it magseugh 77]. An electron
image is formed from the interaction of the eles$rdransmitted through the
specimen. In the endhis image information wilbe magnified and focused onto
a fluorescent screen or recorded by a CCD cam&p The most important
application of TEM is the atomic-resolution reaksp imaging of nanoparticles.
By forming a nanometer size electron probe, TEMnguely able to identify
and quantify the chemical and electronic structfrendividual nanocrystals

[79]. The TEM includes four systemg7 78]: (1) emission gun systermwhich
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uses different emission methods such as therm&mission by LaBcrystal or
field emission gun to extract the electrons viaorgjr electric field; (2)
electromagnetic lens systemthis system contains condenser lenses for
obtaining high power and small spot electron beaf@bjective lenses are
applied for focusing electron beams. Intermedisdases are mainly for
determining magnification and projective lens atéized for projecting the
final electron image on a (Huorescent screen or CCD system(4) specimen
holder: used for inserting samples. A basic TEM systemhisws in Figure

3.3.3 (). Figure 3.3.3 (b) gives an example ol inggolution TEM images of Pt

nanocrystals.
(a) Electron gun (b)
—
Condensor aperture = =
Specimen part Objective aperture

=1 Objective lens
f
Diffraction lens

Intermediate lens

Intermediate aperture ‘

. Projector lenses
Binoculars

luorescent screen

d Image recording system

| —]

Figure 3.3.3(a) Diagram ouitlining the internal components of a baddcsyitem (image
provided by Gringer) (b) High resolution TEM images of Pt nhanodsydiZ9]

39



Taking TEM of JEM-2000 FX Il (JEOL) for example,etipoint image can
stand for 0.28 nm and acceleration voltage camubedtfrom 80, 100, 120, 06
and 200 kV. Based on the diameter of the electemmbbetween im~ 2 nm, a
high degree of magnification can therefore be aederanging from 50X to

800,000X.
Limitations of TEM [77, 7§:

There are several shortcomings with TEM measuresr&uith as the sample
size needing to be within 3 mm, the ideal thickniesobservation is between
53-100 nm due to the limitations of electron pen&mratpowder samples or
unstable samples in vacuum are not suitable, thelsegreparation is very hard.
Moreover, it takes a very long time to create #sabie sample for examination,

and it is a destructive process.
3.3.4(b) Scanning electron microscopy:

The scanning electron microscopy (SENSD,[81] contains four principal
systems(1) Specimen holder is a small chamber located by the side of SEM
for exchanging the samples into the following higicuum surroundings of
electron gun and lens system; @gctron gun systemused for providing a
stable beam of electrons; (8)ectron lens systemincludes a condenser lens,
aperture and an objective lens that magnifies ctdirand shapes the electron
beamto produce the desired electron beam spot on sangaanig; (4)
electron image detecting systenthe final scanning images are recorded by
detectors including solid state detectors and iflators which detect the
electrons with weaker energy like secondary elastrén general, SEM applies
the above focused high-energy electron beam torgfena variety of signalsn

the surface of solid sampleafter the electron-sample interactions, the signal
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can be derived for information about the sampl®uding external morphology
structureard even chemical composition.

An example of a field emission scanning electron osicope (FESEM)
(JEOL JSM-6700F) can be seen in Figure 3.3.4. 3ystem provides electron
acceleration voltages from 0.5 kV ~ 30 kV and imagggnification from 25X

to 650,000X with possible resolutionsofl. nm.

Figure 3.3.4: FESEM JEOL - JSM-6700F.
Limitations of SEM:

Samples prepared for SEM measurement should bealicastate and must
fit into the holder for transferring into the mismpe chamber. Normally the
maximum sample size in horizontal dimensions isitéich in the order of a
centimeter or even smalleklso, the sample must be quite stable in a vacuum
environment on the order of 16- 10°Torr. For example, if it outgas under

vacuum, it would be unsuitable for measurement.
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3.3.5 Atomic force microscopy:

The atomic force microscopy (AFM) can achieve ahimgsolution image
through measuring the force between a sharp saliigpand surface within a
very short distance. This very short distané®m 2-100 A probe-sample
separation in the near-field of the material s@fag used in the investigation.

The AFM technique is the first instrument capalfi@icectly obtaining 3B
images of solid surfaces with atomic resolutibhis concept was first proposed
out by G. Binninget al [82]. Based on the scanning tunneling microscope which
was proposed as a method to measure forces asasmHI® N, Binning then
introduced another new type of microscope capabilevestigating surfaces of
insulators on an atomic scale which combines theciptes of the scanning
tunneling microscope and the stylus profile me&%].[The advantage of this
measurement is that it incorporates a probe saltraage of the sample surface
can be avoided. Therefore, there are enormouscapphs 83] such as the
roughness of polymeric84, 85 and ceramic membrane86]. Examples of

AFM images are given in Figure 3.3.5.

Figure 3.3.5: AFM images of the generated surface on Corning 7740 géassteliing in
HF (left figure) and HF/HCI10:1 (right figure) for different roughnef87]

There are three AFM techniques: contact mode, mdacbmode, and tapping

mode. In contact mode, the tip scans the samglleg® contact with the surface.
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This means that the interatomic force betweendhgpdse and the tip is repulsive,
with a typical value of 18 N [88]. Problems with contact mode are caused by
excessive tracking forces applied to the sampléhbyprobe. Therefore, contact

mode AFM cannot be applied to soft surfaces, sagholymeric membranes.

Contact
Mode Mode

atfra ve iorme

Figure 3.36: Plot of force as a function of the probe-sample separatimef A. Wilsoret al.).

Tapping mode AFM allows high-resolution topograpin@aging of sample
surfaces by alternately bringing the tip into cohtaith the surface to provide
high resolution and then lifting it off the surfaimeavoid dragging the tip across
the surfacedqg]. Tapping mode imaging is again implemented byllasng the
cantilever assembly at or near the cantilevers na#ofrequency using a
piezoelectric crystal. The piezo motion causesctndilever to oscillate with a
large amplitude (typically greater than 20 nm) wh@ntip is not in contact with
the surface §8. The oscillating tip is then moved toward theface until it
begins to gently touch or tap the surface. Duriocgnging, the vertically
oscillating tip alternately contacts the surfacel difts off, generally at a

frequency of 50,006500,000 cycles per secorf].
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Chapter 4. Hybrid organic thin films/ QDs

4.1 PMMA thin film with CdSe/ZnS QDs

While a semiconductor nanocrystal structure is I8 the De Broglie
wavelength, the quantum confinement phenomenoheoélectrons can make it
a promising and novel material with tunable optm@iperties and luminescence
through engineering its size and shape. Cadmiusnislel is one of the most
widely studied quantum dots materials. CdSe is aarganic -1V
semiconductor compound. However, the luminesceneatgm yield of CdSe
QDs is weak due to the presence of defect statés snrface which may give
rise to Auger recombinatior89]. Therefore, passivation of the surface of QDs
with a wider bandgap semiconducting material tonfdine core-shell quantum
dots which confine the exciton within the spheri€CalSe core is required to
enhance the photoluminescence quantum y&X} An illustration of core-shell
guantum dots is shown in Figure 4.1.1. Before ipooating these core-shell

guantum dots into optoelectronic devices, theirncaptproperties have to be

characterized.
10nm | /’/— -
e ———> Shell of QDs
,/‘”‘:: / i—3 Coreof QDs

1
|}
[}
[}
!
]

!
-~ \ '

Figure 4.1.1: An illustration of core-shell quantum dots.
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Since we understand the importance of obtaitiegoptical properties of
guantum dots to use them in device applicatiors ,gilestion which arises is:
how do we measure their intrinsic properties, imhelently of any solvent of
other materials?

In our research, we proposed to incorporate themanhosting material of
PMMA (Polymethylmetacrylate). By controlling theispate and weight ratio
concentration, we can control the film thicknesd gnantum dots concentration
while forming hybrid thin films. There are differeadvantageso this approach.
The hybrid organic/inorganic thin films are of irést in device applications and
embedding QDs could also prevent them from deg@dat he following figure
reveals that degradation happens when QDsxamed to “light + oxygen” for
a time. Figure 4.1.2 shows an experiment desigaddttone bottle (the right
uncovered one) stay without any shade for threetimornother bottle with
same concentration of QDs was covered in alumiraihtof protect against light

exposure.

Bottle 2

5mg/ 0.4ml 5mg/ 0.4ml 5mg/ 0.4ml

(Avoid light) (Unchanged) (Oxidation)
(Storage 3 months (Storage 3 months
with a cover) without a cover)

Figure 4.1.2: The left shaded bottle with QDs reveals the originallzotdahe right
uncovered one shows a different blue-shifted color after 3 montisrabe.
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After taking off the covered aluminum foils on tebaded bottle, we can
clearly observe a big difference between them. [Efiehand bottleis still the
same color. However the right Bottle 2 is revedtethe light green in color, as
shown in Figure 4.1. A likely reason for this degradation could be causeaah
the accelerated oxidation when QDs are exposeghtioand oxygen at the same
time. Thus the oxidation of these dots can charmgar tcolor towards a
blue-shifted hued1]. In accordance with Wilfriedet al [91], they presented
luminescent measurements of CdSe/ZnS core-shell & bkfferent times. A
clear blue shift in the emission wavelength of 80 could be observed after a
few 10s of seconds in ambient air as shown in Eigut.3. In contrast, this shift

IS not observed for QDs in a nitrogen atmosphetg |
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Figure 4.1.3: Emission spectra at different illumination timesagiaectrally resolved time

trace of CdSe/ZnS QD in ambient air (excitation at 468 nm vidrAw laser, poweg: 20

kW/cnt, room temperature). [91]

However in their experiment, a very high laser powé 20 kW/cnf was
applied which therefore amplified the total oxidati process. In our
surroundings, the light source only depends onrabswlar power which is 100

mW/cnf referring to the global solar spectrud®][ To acquire this solar power,
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the testing samples should directly be under theteuabsorb the maximum
power. But for possible rainy conditions, the tegtsamples were preserved
near an open window to absorb the surrounding esedttsolar light so the
power is much weaker than directly under the sunerdfore, their applied laser
power is much more tharx20°times when compared to our surrounding light.
So, in our experiments, the bottle with QDs powéeralways sealed and
shadowed after each time extraction. We study Hwgotuminescence behavior
of QDs embeddedn PMMA hosting material. An advantage of this hybrid
PMMA/QDs thin film layer is that the QDs luminestgmeak stays almost
centered at the same wavelength after a few manih®unded by a natural
atmosphere and light. Therefore, we deduced tl@atPiIMA can serve the

function of “encapsulation” for the QDs.

4.1.1 Introduction of experimental preparation andprocesses:

In this chapterwe discuss the experiment where the PMMA with its
molecular weight= 15K (Sigma Chem Corp) was utlized together with
different QDs concentratiorio obtain a possible coupling effect. These
core-shell CdSe/ZnS QDs were purchased from PlaShem. Their emission
peak positions were located at around the wavelenigh60 nm.

We prepared nanocomposite PMMA layers with 4.2 98,% and 16.6%
weight ratio percentages (wt %) of CdSe/ZnS QD$oiBemaking the layers via
spin coating, the QDs and PMMA are separately dssguein a chloroform
solvent. To reduce the aggregation of quantum dbéy, need to be physically
dispersed in the solutions and then mixed withahleroform solution After

several hours of mechanical stirriby mixed PMMA and QDs, the solution
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was shocked in an ultrasonic bath for 15 minutémnks to its good solubility
in chloroform, PMMA is a good host material for Weispersed QDs

The mixed solution is then spin coated on a s#iobstrate with a rotating
speed of around 2000 rpm to reach a film thickrlagger than 1um on the
substrate. After the spinning process an 80°C hreatment is required to
evaporate the rest of the chloroform solvent. Ammany of the above processes
is shown in Figure 4.1.4. The spin coating procednc mechanismanalso be
visualized by applying centrifugal force to theafinevaporation process as

shown in the Figure 4.1.5.

Compositing process: Spin coating process: Evaporation process:
PMMA and QDs with : A rotating speed is at : Heating samples with
different wt% for first ~2000rpm and with 80°C to evaporate the

mechanical treatment several steps rest of solvent

Figure 4.1.4: Flow chart of the hybrid PMMA/QDs films.

Applying the

Spreading process L . .
\ hvbrid solution |::> I =l [:> Solvent evaporation

via centrifugal force
‘ Substrate ‘:b l Substrate ] |:> Substrate

— B

Figure 4.1.5: lllustration of the spin coating process for theidation of hybrid
PMMA/QDs films.
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4.1.2 Electron microscopy measurement:

In order to study the size distribution of QDs e polymer, the thin films
were examined by transmission electron microscdiyM). The TEM image
obtained is shown in Figure 4.1.6. We can cleadtice that these CdSe/ZnS
QDs are well-dispersed. In particular, the atomm@gde can be observed as
patterns of parallel stripes in the right hand sidd-igure 4.1.6 (both on the
upper and the underside of the figures) due tonament electron wave
emerging from the crystalline part in the matef@d]. From these patterns, we
can see the distribution and crystallization ofsth€Ds which covered extra
passivated ZnS shells around the outward CdSe CGwmnecerning the several
monolayers of ZnS with total thickness of only sal/@ngstroms, the global
crystallization could be mainly due to the coreQids. On the other hand, the

size ofQDs can also be determined approximately at 3 nnaimeter.

e

x‘
S.

'14'/'

Figure 4.1.6: TEM images of CdSe/ZnS QDs.
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4.2 Optical properties of PMMA thin film layers with CdSe/ZnS QDs

4.2.1 Transmission/ reflection and absorption speim:

To determine the intrinsic optical properties of QWe choose PMMA as the
hosting material due to its good transparency enwthole visible spectrum. In
this study, PMMA layers containing core-shell C&®»& QDs with a diameter
of 3 nm have been made using the spin coating rde®ecause of the structure
of core-shell QDs, the electrons are easily codfimethe structure. Therefore,
the strong quantum confinement effect will generalbsorption peaks. The
experiment is then carefully designiedhave samples with different weight ratio
percentages (w. r.) of QDs which are of 4.2 98,98.and 16.6 %. As shown in
Figure 4.2.1, transmittance spectrum with differ@mtight ratio percentages
were measured by an integral sphere spectrophaontetan be seen that the
transmittance decreaswhen the QD weight ratio percentage incesa®n the
other hand, the transmittance spectrum of 16.6 % @&eals interference
ripples in the range of 576m to 800 nm that are more pronounced than the

other two samples.
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Figure 4.2.1: Transmittance spectrum of CdSe/ZnS QDs for three watghpercentages.
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The increase in QDs concentration induces an isered the effective
refractive index leading to stronger interferendects. After measuring the
transmittance and reflectance spectra, the absargtbuld be determined as
shown in Figure 4.2.2. All samples exhibit the sabsorption shape with an
absorption peak close #5nm. As expected, the absorption increases with the
weight ratio percentage. Other absorption peakf&ahm and 45nm appead
when the percentage of QDs incedsThey are thought to be induced by
exciton transitions between discrete levels inQ@es PJ. As the PMMA has a
large bandgap at around 5.6 é4][ it does not affect the absorption in the near
UV and visible spectral range. Using these hylirid tiims we can attribute the
optical absorption only from the QDs in the visilsleectral range. In addition,
the optical properties from the QDs may be inflleshdy their coupling when

raising the QDs concentration.
15

10F ., 948nm 16.6% QDs

5L i ;
445nm ;  505nm !

181

10+
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51 505nm§
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§45nm 4.2% QDs

51 |
O . . . ~——
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Figure 4.2.2: Absorption spectrum of CdSe/ZnS QDs with weight ratio pageenof
4.2 %, 8.3 % and 16.6 %.
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To analyze the first absorption peak of Figure24i@.detail, we attempted to
fit them by Lorentian and Gaussian curves. We foimadl a Gaussian curve can
give a good fit for the absorption peaks, as shiovihe figures below. From the
fitting curves, the position ahe first absorption peak including its maximum

and HWHM can be then determined. The results are/sin Table 1.

10

4.2% CdSe/Zns Qs
— == (aussian curve fiting

Peak position | 3425+ 0.05nm |
0

HWHM of peak | 17.5£0.05nm |

Absorption (%)

54 5440 S60 FNU_ [l 620 &40 Sl il L]
Wavelength (nm)

Figure 4.2.3: First absorption peak of 4.2 % CdSe/ZnS QDs fitteddaussian curve.

1

B.3% CdSe/ZnS QDs
— — - Gaussian curve fitling

|| Peak position | 543.4£ 0.05nm
HWHM of peak | 18.1+ 0.05nm

Absorption (%a)

53 540 Shdl 5}3]_ LLLt] L i} 640 il L] T
Wavelength (nm)

Figure 4.2.4: First absorption peak of 8.3 % CdSe/ZnS QDs fitteaddaussian curve.
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16.6% CdSe/dnS QDs

/—\ — — = Gaussian curve fiting
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| Peak position | 344.8%£ 0.05nm
HWHM of peak | 17.6% 0.05nm

-~
T

Absorption (%)

e | 544 ShHi Sel L] fifeut] L] ol ) T
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Figure 4.2.5: First absorption peak of 16.6 % CdSe/ZnS QDs fittad3ayissian curve.

Comparing the values shown in Table 1, an intergstesult can be
observed, namely the center wavelength of the dibsiorption peak shifts to a
longer wavelength from42.5 +0.05 nm to 84.8 £0.05 nm This corresponds to
the increasing weight ratio concentration of Qsrfrw.r. 4.2 % to w.rl6.6 %
Therefore, the red-shift of the first absorptioraoshown in Table 1 could be
attributed to QDs coupling when their concentraticreases. We will see (in
section 4.2.2 and 4.2.3) that the QDs couplingceftan also be verified by a

red-shift in the photoluminescence peak.

Table 1. Center wavelengths of first absorption peaks and relatessi@a curve fittings
obtained with PMMA layers containing w.r. 4.2%, w.r. 8.3% and w.r. 16.6% QDs.

Center wavelength Gaussian curve  Gaussian curve
Samples (1% absorption peak) Amplitude HWHM
(nm) (nm)
4.2% QDs 542.5 0.05 1.4+ 0.05 17.5t 0.05
8.3% QDs 543.4+ 0.05 2.7+ 0.05 18.1+ 0.05
16.6% QDs 544.8 0.05 5.0+ 0.05 17.6t 0.05
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On the other hand, Table 1 also shows that theitahp$é of the Gaussian
curves linearly increased and are nearly propatiao the weight ratio
concentration of the QDs. The HWHM of the Gaussiarves are almost the
same which indicates that the three samples nbavig the same extent of size
variation.

Since Figure 4.2.2 shows strong exciton featurethanabsorption spectrum
when the wavelength is around 400 nm to 700 nenuld be interesting to see
the optical propertieat shorter wavelength in the near UV. As shown iruFag
4.2.6, the transmittance spectrum extending to lemagéhs of 256 nm was
measured by a commercial spectroscope. In Figu2e/,4the reflectance
spectrum of 16.6 % QDs reveals a drop in the epeelof the interference
fringes at 545 nm because of the first absorptieakpbeing located at this
wavelength. From the transmittance and reflectasigectra, the absorption

spectrum was obtained as shown in Figure 4.2.8.
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Figure 4.2.6: Transmittance spectrum of CdSe/ZnS QDs meaatunad/e lengths
ranging from 256 nm to 700 nm.
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Also, an obvious quantum effect is revealed in @sorption spectra which

exhibits the excitoin features superimposed on a continuous background.
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Figure 4.2.7: Reflectance spectrum of 16.6 % CdSe/ZnS QDs measwad: lengths
ranging from 256 nm to 700 nm.
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Figure 4.2.8: Absorption spectrum of 16.6 % CdSe/ZnS QDs meastwed/elengths
ranging from 256 nm to 700 nm.
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4.2.2 Photoluminescence versus wavelengths measuesin

In order to compare the absorption peaks with timeisgion peaks,
luminescence measurements were performed on PMM& fwith the three
weight ratio percentages of CdSe/ZnS QDs (4.2 %%8and 16.6 %). Since the
ZnS shell can eliminate the dangling bonds at ti8eCcore surface, this shell
strongly reduces non-radiative recombination anerelty increases the
luminescence efficiency of the QD&7].

The light source for the luminescence measuremesgsin Ar* laser emitting
at 514.53 nm. Measurements were performed usingrébdd Labram HR800
spectrometer with backscattering geometry. The lasam (typical laser power:
0.3uW) was focused on the sample through a 50X obgciine locations of
the emission peaks for all weight ratio percentagegdDs were grouped closely
around the wavelength of 560 nin particular these emissions also agree with
what is expected when the QDs were first dissomedolvent as shown in
Figure 4.2.9. This indicates that the PMMA is gsitable without changing the
optical properties of QDs. The photoluminescencecspm was found to be
Stokes-shifted from the first excito89] absorption peak at45 nm by around
15 nm As for the absorption spectra a weak red-shifthefluminescence peak
iIs observed with increasing QDs percentage as showibhe following
discussions. In addition, the emission intensityraases almost linearly with
respect to the weight ratio percentage of the QDs.

All of the emission curves in these samples cawdil with Gaussian curves
but not with Lorentzian curves, indicating inhomogeus band broadening
phenomena. This can be seen in Figure 4.2.10 tod-#2.12 corresponding to
weight ratio percentages 4% to 16.6 % of CdSe/ZnS QDs. Such band
broadenings can certainly be attributed to a sgeedsion effect. Thaull width
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at half maximum (FWHM) of the luminescent bangsaround 3 nm for all
samples, indicating that the QDs size variatiores less than 5 % and that we
have almost the same extent of size variation &@hesample. At first we can
observe two phenomena. In the emission cansmall modulation near the
center peak is a measurement artifact. The emissmattrum is slightly

asymmetricalespecially for the highest QDs weight ratio percgmiaf 16.6 %.
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Figure 4.2.9: Photoluminescence (solid) and absorption (dotted) speCutse/ZnS QD

in chloroform provided from PlasmaChem GmbH.
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Figure 4.2.10: Luminescence of weight ratio percentage 4.2 % CdSe/ZnS QDs.
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Figure 4.2.11: Luminescence of weight ratio percentage 8.3 % CdSe/ZnS QDs

As shown in Figure 4.2.12, the emission intensitglightly raised at longer
wavelengths, while decreasing slightly at shortavetengths of around 540 nm.
Regarding the originationf the asymmetry photoluminescence spectrum, two
explanations could be considergdne could be the overlapping area between
the PL and absorption spectra, which results iiadedorption phenomena, i.e.,
part of the emission was absorbed by itself, witichs decreases the PL
intensity at short wavelengtlj96]. Another possible explanation could be
caused by the excitation energy transfer from s@8&l to large ones through
tunneling effects, and as a result, the PL intgratitong wavelengths is higher

than that of shorter wavelengfl9s].
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All the results from Gaussian curve fitting, sushtilae centering wavelength
of the emission peak, the wavelength shift and=\héHM of the peak, are listed
in Table 2. When comparing all emission curvesesponding to different QDs
weight ratio percentagethe red-shift of the emission peaks were increagtd
increasing percentages, as shown in Figure 4.2hd3Table 2. This could be
attributed to a QDs coupling phenomenon.

Finally, we conclude that the PMMA polymer can kdized as agood
hosting material, which is transparent in the whadédb le spectrum, to study the

intrinsic absorption and luminescence of QDs embédd a thin film
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Figure 4.2.12: Luminescence of weight ratio percentage 16.6 % CdSe/ZnS QDs.
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Figure 4.2.13: Luminescence measurements of PMMA layers withehffeveight ratio
percentage CdSe/ZnS QDs: 4.2 %, 8.3 % and 16.6 %.

Table 2. Center wavelengths, shifting of the wavelengtim 60 nm and FWHM
of the photoluminescence spectra obtained with PMMA layers camgamr.4.2%,

w.r. 8.3% and

w.r. 16.6% QDs.

Centering Shifting wavelength FWHM
Samples wavelength from the 560nm
(nm) (nm) (nm)
4.2% QDs 561.1 0.04 1.1+ 0.04 23.0: 0.3
8.3% QDs 561.3 0.04 1.3+ 0.04 23.0: 0.3
16.6% QDs 563.0+ 0.04 3.0+ 0.04 23.0: 0.3
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4.2.3 Photoluminescence intensity versus time measment:

In order to verify the coupling effect between quam dots, we extended the
laser illumination process and also recorded th@ati@n of photoluminescence
with time with a second (sec) resolutidém our hypothesis, we expected there to
be a stronger coupling effect with higher QDs cot@tion when applying
continuous laser pumping. Hexdthe coupling induced red-shift (r.s.) emission
peaks should remain as 16.6 % QRs> 8.3 % QDg.sy 4.2 % QDs;s)

In our experiments we useth Ar* laser emitting at 514.5 nm with a laser
power of 0.3 uW. Other equipment and conditions were all the sas@he
previous experiment in section of 4.2.3. As shownFigure 4.2.14, the
spectrometer started to record the average inyeotiphotoluminescence after
~5 sec of laser pre-illumination. An interestingntiouous enhancement of

emission intensity (int.) from the QDs with timesadiscovered.
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Figure 4.2.14: Different weight ratio percentage QDs continuously exojitéséer for 60
seconds showing an enhancement of emission ityensi
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In Figure 4.2.14, the stronger emission intens#g wrovided by higher QDs
concentrations. Even though the laser illuminatior® was extended to 60 sec,
this relationship was still maintained in a simiiate as the initial situation
where 16.6 % QDg,)> 8.3 % QDsin)> 4.2 % QDSin)-

In the next step, the laser illumination time waslonged by more than 60
sec in order to verify whether the intensity coodelsaturated or not. Aftarlong
illumination time, the emission intensity of the ®Dvas surprisingly still
enhanced even when the laser illumination timealeesady as long as 1910 sec
(> 30 minutes). Such emission enhancements occtoretdl samples including
different weight ratio percentages of 4.2 %, 8.218d 16.6 % QDs as shown in
Figure 4.2.15, Figure 4.2.16 and Figure 4.2.17eewygely. For comparison, all
of the photoluminescence intensities were normaliZéhese figures indicated
that the emission intensity at 1910 sec could &esimcreased four-fold over the

emission intensity at 5 sec.
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Figure 4.2.15: Weight ratio percentage 4.2% QDs continuously excitatbbgr for 1910
seconds (sec) showing an enhancement of emission intensity.
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Figure 4.2.16: Weight ratio percentage 8.3% QDs continuously excitatbbgr for 1910
seconds showing an enhancement of emission intensity.
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Figure 4.2.17: Weight ratio percentage (w.r.) 16.6% QDs continuously excitel&sr for
1910 seconds showing an enhancement of emission intensity.

63



A similar phenomenon of photo-induced photolumieese enhancement
was mentioned in the close-packed fims of CdSe @®red with ZnS film
[98]. Another group proposed and verified that the QDstgdhminescence (PL)
enhancement could be attributed adight induced increase of the potential
barrier for electronhole escaping from QD level®9. Therefore, the carrier
trappings may lead to the appearance or neutnalizat the local electric field
or exhibit Auger recombination leading to PL reduct [98]. The trap
recharging may cause an increase of the poteatiaieb height for carriers to be
released from the QD levels, which would enhanceoftbut P9. However,
they gave interpretations for the enhanced PL autput they did not find the
blue-shift in the PL peaks or FWHM variations asum study.

We investigated the PL characteristics via lademihation. These emission
curves were found to fit the Gaussian distributiwell, as mentioned in the
previous section. Hence the central peak positnte FWHM of all emission
curves could be analyzed. All information was coradaas discussed below.

As shown in Figure 4.2.18, emission peaks cleanhgaled a blue-shift which
became larger and larger with progressively lorgser excitation times. Look
atthe 4.2 % QDs for example. The emission peak &tikking was found to be
0.75 nm when compared to illumination at 500 seat the initial illumination
situation at 5 sec. There was a significant in@aeathe amount of blue-shifting
to 2.72 nm when the laser illumination was mairgdifior 1910 sec. As in Ref
[99, it was proposed that a light-induced increaséefpotential barrier could
confine more carriers in order to accumulate toighdr energy level and
generate radiative recombination. Thus this is iplessause of the blue-shift.
On the other hand, the decreased blue-shifting snéd@at the red-shifting was

revealed when compared to higher w.r. QDs. Theltsesarified our original
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hypothesis that the coupling effect can be enhabgedcreasing w.r. QDs. As
shown in Figure 4.2.19, the FWHM with increasedvesrshowed the same

trend as the initial FWHM of 23 nm. Téewill be discussed in next experiment.
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Figure 4.2.18: Emission peaks blue shifted from the first time @migpsak caused by
continuous laser excitation.
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Figure 4.2.19: Emission peaks FWHM increasing from the first timessom peak caused by
continuous laser excitation.
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To understand the coupling between QDs, an ilitistras discussedf there
iIs a small enough distance between the QDs, tlegitren/hole wave functian
will overlap and the QDs will be coupled togethes, shown in Figure 4.2.20.
Hence, the higher energy excitation {Egould possiblybe transferred to the
neighboring dot (Eg. When considering a denser QDs groap,shown in
Figure 4.2.21, this coupling induced energy trassste the surrounding dots
with lower energy gapsn this figure, the original high energy carriej (tould
transfer to (2) and then transfer to (3) until f@ag the lowest energy gap (4)
for radiative recombination. This could be the nasu$m for the red-shift

phenomenon observed in our study.
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Figure 4.2.20: A coupling effect occurring between quantum dots.
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Figure 4.2.21: The energy transference induced by the coupling effect
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To verify the luminescent enhancement, the lasgrubypower was modulated
to a higher power of 3 mW, which was 4 orders ofimitade larger than that in
the previous experiment. The laser excitation wawgth was applied at 514 nm
and the total illumination time was kept the saate1910 sec. In Figure 4.2.22,
the PL average intensity of w.r. 4.2 % QDs was istlicas a function of
illumination time via continuous laser excitatiohs shown in this figure, the
emission intensity saturated quickly and then dedayntil reaching the 1910
sec mark when continuoyskupporting the high power laser. In order to
characterize these luminescerspectrum variationghe emission curves of w.r.
4.2 % QDs at 5 sec, 200 sec (turning point), 1@0asd 1910 sec llumination
times were recorded and compared in Figure 4.2parately. As can be seen,
the luminescent peak intensity at 200 sec was Badstlarger than the first
intensity at 5 sec. The decreased trend drivesduthemescent peak intensity at
1910 sec to be ~0.7 times smaller than the inieas 200 secln regards to this
phenomenon, we propose that it could be mainly edhiy thermally induced
luminescence quenchind(( because luminescence efficiencies are strongly
temperature-dependdriO]]. Even though enormous high energy in the photons
from the laser could induce a strong lumineseefiom QDs, howevera
thermal effect also accompanies the procéss thermal effect accumulates
with time and could bring owan increased exciton-phonon coupling effect [100],
which resulted in quenching PL intensity.

A similar phenomenon for PL intensity variation dag observed in Figure
4.2.24 while using a higher weight ratio percentig®.3 % QDs. Acomparison
of PL emission peaks for four different illuminatidimes of 5 sec, 500 sec
(turning point), 1250 sec and 1910 sec is showhigure 4.2.25. The results

show a similar quenching PL intensity due to oveosure by laser. In addition,
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the PL intensity decay rate of w.r. 4.2 % was fadtan the w.r. 8.3 %paossibly
caused by the increased trapping centers whenxib#om@-phonon coupling

effect occurred.
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Figure 4.2.22: A3 mW power laser excitation on w.r. 4.2% QDs induced a qiickton
and even a decay of emission intensity for 1910 seconds.
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Figure 4.2.23: A 3nW power laser excitation on w.r. 4.2% QDs showing a quick increase and
a decay of emission intensity.
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Figure 4.2.24: A3 mW power laser excitation on w.r. 8.3% QDs induced a @tickration
and even a decay of emission intensity for 1910 seconds.
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Figure 4.2.25: A 3nW power laser excitation on w.r. 8.3% QDs showing the quick increase
and the decay of emission intensity.
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By applying Gaussian curve fitting to the luminesz® spectrum, the central
peak positions and FWHM could be determined. Ashmaseen in Figure 4.2.26,
both the phenomena of blue shifting and FWHM exjpanstill happened to w.r.
4.2 % QDs, but the effect was found to be dramijjtieahanced. A comparison
of Figure 4.2.18 and Figure 4.2.19, with w.r. 4.2 $@s@t illumination time of
1910 sec, shows that the emission peak blue staftedthe FWHM increased
by only 2.72 nm and 2.21 nm, respectively. Howelieth increased strongly
when undergoing higher power laser illuminationhvétblue shifiof ~9 nm and
an increased FWHM of ~5.5 nm, as shown in Figu2e286. Concerning the w.r.
8.3 % QDs, similar results were also discoveredaddition, both the reduced
blue shift and FWHM increase still happened witke thigher w.r. QDs, even
when using higher power las as shown in Figure 4.2.26 and 4.2.27. The blue
shift with the w.r. 8.3 % QDs (~7.2 nm) was smdilen that of the w.r. 4.2 %
QDs (=9 nm) at the illumination time of 1910 sedicating that the red shift
occurred while increasing the w.r. QDs. The FWHRt&ase for the w.r. 8%
QDs was also smaller than that for the w.r. 4.2 Bs @t the same illumination
time of 1910 sec. Another interesting discovery thas the increasing blue shift
could be well fitted by an exponential function ahd FWHM variation as well.
This may be linked with the carrier lifetime in QBad carrier generation rates
which are still under investigation.

As mentioned, the PL intensity decay rate in Figute22 and Figure 4.2.24,
the lifetime of w.r. 8.3 % QDs was longer than W.2 % QDs, indicating that a
reduced phonon effect happened with higher w.r. . Qs propose that this
phenomenon could be caused by phonon release fientdndensed QDs.
Another proof of this hypothesis is that the FWHNtened, related to the

exciton-phonon coupling effect. For both lower (Q\&/) and higher power (3
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mW) laser excitations, the FWHMs were all foundtrend towards reducing
expansion when increasing the w.r. Dhis could be interpreted as due to the
fact that the higher w.r. QDs could have reducaed@x-phonon coupling effect.

This might be another proof for phonon release eetwlense QDs.
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Figure 4.2.26: The emission peak is blue shifted and FWHM is widenkdasér
illumination time for w.r. 4.2% QDs.
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Figure 4.2.27: Emission peak is blue shifted and FWHM is wide nedagith illumination
times for w.r. 8.3% QDs.
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4.3 Frequency conversion of CdSe/ZnS QDs: Its apphtion to solar cells

4.3.1 Using PMMA /QDs films as down-conversion fraggency layer:

Before applying hybrid QDs layers, it is importdot understand that the
response of photovoltaic solar cells depends oreffiient collection in the
solar spectrum. Generally a large part of the sggaactrum is lost both in the
infrared and in the UV range. It is estimated that efficiency of bulk silicon
solar cells could be increasé&y 32 % if the UV spectrum was used to create
carriers L0Z. In solar cell materials, UV photons generate é¢lettrons which
would be thermalized by phonon coupling and mosthem do not provida
photocurrent. More than that, they induce a tenmpeyaincrease that will
decrease the solar cell efficiency. In the caserganic materials, UV light can
even break the molecular bonds and reduce thescéfetime in solar cells A
lot of studies have been focused on up-conversioth down-conversion
processes to change IR and UV photons to have\emette useful spectrum
range [103] Particular attention has been given to lanthanmaterials [104]

and, more recentlyp quantum dots (QDs).
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Figure 4.3.1: AM1.5G spectrum showing the fraction that is curreintigraed by a thick
silicon device and the additional regions of the spectrum thataranbute towards up- and
down-conversion [102].
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The optical properties of the quantum dots naturalepend on their
electronic properties [105] heir absorption spectrum is therefore modulated by
guantum confinement effects and, generally, thdybéxluminescence which
can be excitedby a wide range of wavelengths in their absorptioacgpm.
Consequently, the UV range of solar spectrum fraaxedengths of around 300
nm is generally an efficient excitation source,shewn in Figure 4.3.1. It is
estimated that an additional 1/3 of the convenilgnased solar energy
spectrum may be collected if the UV fraction isatiyt utilized througha
frequency down-conversion proce$€7.

In our study, we focwed on the possibilty of converting UV photonstdn
visible photons by using hybrid PMMA layers with 8&7ZnS QDs, and
performing calculations regarding the electromagniid distribution in the
active layer of organic solar cell when they can@Ds.

To obtain homogeneous hybrid layers with functiohshe down-conversion
frequency effect, the spin coating methalDq is applied. The fabrication
process is performed as described in section afL.4lh order to achieve a
stronger luminescence, we deposited a w.r. 16.6 d8e{ZnS QDs/PMMA
hybrid layer and increased the thickness to ardudd um. Its absorption and
luminescent spectra are shown in Figure 4.3.2. difference between the
maximum of the first main absormtion peak (locatd~545 nm) and the
maximum of the luminescent peak (located at ~56) israround 15 nm. This
clearly shows that a down-conversion frequencyceftan be obtained with
such a layerThe frequency shift might be attributed to the Stokiéscé [107] or
induced by darlexcitons [LO§.

In actual applications, we consider a frequencyemson component made

of a transparent hybrid PMMA thin film containingD® deposited on a silica
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substrate located in front of a solar cell as titlated in Figure 4.3.3. The aim is
to collect the waste energy in the UV range whiemegally generates hot
carriers 109. The conversion layer collects the UV energy aadverts it into a

wavelength range where the active layer of ther sl has higher absorption

efficiency.
N . . . : 1.0
25 4 — 16.6% QDs_ Absorption
——16.6% QDs_Luminescence
0.8
—
[
20 =
3
= [}
X 06 4
S— b3
c
s ™7 3
I 2
=
2 Lo4 T
2 104 3
@,
Z
)
5 | 0.2 c
0 0.0

. , . | . | . | . : .
400 450 500 550 600 650 700
Wavelength (nm)

Figure 4.3.2: Absorption and photoluminescence spectra of a PMMAdag&ining
CdSe/znS QDs.
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Figure 4.3.3: lllustration of solar cell device composed of CdSe{ZdS frequency
conversion layer (left figure) and TEM image of CdSe/ZnS @Bsibution (right figue).
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To verify the frequency conversion effect, a siliceslar cell was used. We
put a substrate coated with the hybrid QDs laydroint of it as seen in Figure
4.3.3 and measured the external quantum efficis(@&QE) of the silicon solar
cell. EQE is defined as the number of electronseggad divided by the
incident photon number.

In order to calculate EQE correctly, we should aeishow much light is
transmitted though the QDs frequency conversioerlayherefore, the measured
EQE of the solar cell with the PMMA layer contami@Ds should be divided
by the transmissiori;(A), of the QDs conversion layer. This means thatign
spectrum collected by the silicon solar cell isyofiom the extra photons
generated by the luminescence of QDs conversioer.lads can be seen in
Figure 4.3.4, luminescence increased EQE in theelwagth ranges shorter than
560 nm. This verifies an important fact where the nphotons from the
luminescence of QDs excited by wavelength rangemuse0 nm can be utilide
by solar cells for creating new charges.

Figure 4.3.5 shows the EQE difference between tiggnal solar cell and
solar cell covered with this CdSe/ZnS QDs layeshidws an interesting exciton
featureas the modulation peaks from the EQE improvementcameesponding
to different QDs absorption peaks at the first gbson peak (at 545 nm), the
second absorption peak (at 508 nm) and the thisdrattion peak (at 450 nm).
The first peak is stronger than the other two peaksause of the strong
absorption from the QDs layer corresponds to tlmeased luminescence
photons, thereby enhancing the EQig the absorption peak at 545 nm.
Meanwhile, this peak position is also quite claséhe maximum optoelectronic

response of the solar cell device. This can alsiriboite to the EQE spectrum.
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In order to acquire a global improvement on Figli&5, we integrated the

amount of EQE difference which gives a 21.5 % impmoent in total. This

indicates that the original short circuit currelstc] of 2 mA might be raised to

2.43 mA in the final performance of the solar delice.

However, the measured power conversion efficiendyndt increase. This is

because the absorption is stronger than the luceneg. This gives us an idea

where efficiency could be increaké the absorption band was shifted to near

UV. That could be achieved in a future work by gg@pDs with smaller sizesr

other compositions.
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Figure 4.3.4: Measured external quantum efficiencies of milodar cells with and witho at
glass coated with a PMMA layer contathCdSe/ZnS QDs. In this last case, the EQE has
been divided by (k) of the QDs layer.

76



2.0 - __QDs first absorption .
peak is located~ 545nm ]

LSBT . W= ¥ > 3 QDs absorption

peak is located~ 450nm

1.0 5

. 2" QDs absorption
peak is located~ S08nm 1

EQE difference (%)

0.5 <

0.0 4 .

00 45 500 550 600 €50 700
Wavelength (nm)
Figure 4.3.5: EQE difference between original solar cell and thatred by the QDs layer
showing the exciton features are related to different QDs jaiisopeaks.

4.3.2.QDsembedded in the active layer of organic solar cells

Another interesting configuration is to embed thesQlirectly in the active
layer of the solar cell device so that the downvession takes place inside the
cell (Figure 4.3.6(B) It is well known that the inclusion of metallic
nanoparticles in the active layer hastrong effect on the electromagnetic field
distribution [L14. It is thus interesting to calculate the electronedignfield
distribution when the QDs are embedded in the eclyer to check if the
photons from luminescence are better capturedekample, we consider CdSe

QDs in an active layer, P3HT/PCBM, of an organiarscell (OSC) 111].
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Figure 4.3.6(a): Solar cell has a covered QDs layer for down-camwedrsquency.
(b): Solar cell has QDs inclusion in its active layer

The Finite Difference Time Domain (FDTD) method Z1Wwas appliedto
calculate the electromagnetic field distributiorthe P3HT/PCBM active layer
of an OSC. We assumdie 3nm CdSe nanoparticles (NPs) to have a periodic
distribution. Figure 4.3.8lows the nanoparticle distributions considered aed t
corresponding electric field distribution in theyda The incident light isa
polychromatic plane wave polarized along the x-aklse distance between the
NPs is of 1 nm or of Bm As the thickness of the shell layer in CdSe/ZnS QDs

is only of a few angstroms, it has been ignoreithis1calculation.

——m ——— Sensor (R)
co

Figure 4.3.7: Model used for FDTD calculations. CdSe nanoparticgsafin diameter are
embedded into a P3HT/PCBM layer: (a) top view and (b) side view.
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Figure 4.3.8: Electric field distributions in the X-Y plane fan incident wavelengths and
two different distances between the nanoparticles (NPs).

A comparison of the electric field distributionstime X-Y plane is shown in
Figure 4.3.8 considering two incident wavelengthg, um and 1 um, and two
different distancesl nm and 3nm, between the NPs. We found the field
enhancement surrounding the NPs is stronger wiggraite closer to each other.
This means that the enhancement is stronger f@atande of 1 nm than that for
3 nm (~1.4 times at a wavelength of 400 niRyirthermore, the electric field is
stronger for the incident wavelength ofiin than of 0.4um. The electric field

distributions in the XZ plane were alsodculated for the two different incident
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wavelengths with the same distance of 1 nm betvieenNPs as shown in
Figure 4.3.9 From the electric field profile in X-direction fdhe two incident
wavelengths, the electric field is found to be ittes greater for L1um than for
0.4 um as shown in Figure 4.3.10. It is important toentitat the geometrical
dimensions considered here are much smaller tlegdlculation wavelengths
and also much smaller than in [113] and [11ElMen so, strong field
enhancements are obtained. These could be comiitedthe effect of
down-conversion and applied to OPVs containing QDs.
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Figure 4.3.9: Electric field distributions are in the X-Zng@ldor distance of 1 nm between the
NPs for two incident wavelengths: (a) Qs (b) 1um.
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Figure 4.3.10: Electric field profiles in X-direction for a @iste of 1 nm between the NPs
and for two incident wavelengths: (a) @ (b) 1um.
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Chapter 5: Nanostructured hybrid organic thin films/ QDs

5.1 Introduction of thermal nanoimprint organic layers

The optical properties of hybrid PMMA thin films twiCdSe/ZnS QDsvere
discussed in Chapter 4. It would be interestin@¥s luminescence could be
further controllable. The modification of the enmwss wavelength can be
achieved by changing the size of QDs and this k& lbesearched extensively
in recent years4[/, 115 116, but there have been rare studies related to the
spatial distribution of luminescence. Most of theserén been focused on the
spatial distribution of QDs site positions suchaien they are embedded into
an ordered micro-cavityl[17, 118]. Such control of luminescent light emission
would be useful for important applications suclbiagogical tags or solar cells.

In order to make emitted luminescéight directional, a bi-periodic grating
structure combined in the hybrid thin film was ddased. The formation of said
periodic structure could be achieved through napamh lithography (NIL)
techniques. This is because the transition propetty temperatures of most
polymers allows us to make the same polymer sviftwim a solid to soft and
even a fluid state. dl*’soften” the organic polymer for imprinting, it is important
to make the polymer reach its glass transition xatprre (T) first. Above tle
critical temperature of J the polymer starts to change its behavior froassy
to rubbery. When the polymer is below, The large-scale molecular motion
does not happen due to being essentially a frotaa ef the polymer. In this
state it is hard and brittle, just like glass. W'hkating above ¢ the molecular
of polymer can gradually increase their motioraitarge scale. These moving

molecular states result in a soft type of polymest like rubber.
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The transition process of a polyme illustrated in Figure 5.1.1. With
increasing temperature, the polymer is heated wapitanstiffness starts to be
reduced when exceeding the glass transition tetyerély). Before it reaches
a total rubbery state it will undergo the transitir@gion from glassy to rubbery
as can be seen in Figure 5.1.1. Above the critemaperature of Jthe polymer
can be readily deformed into the shape of the mOldher physical properties
could be also changed, for example, the volume.vAb®, the polymer
gradually increases its volume due to the moleculation in a large scale. If
the polymer undergoes too much thermal expansticcguld result in a failure
when transferring a structural pattern. Thanks tenall thermal expansion
coefficient of ~ %10° pe °C, PMMA shows excellent properties for applying
nanoimprint lithography4§].
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Figure 5.1.1: A polymer transition from glass to rubber type.
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5.1.1 Heating experiment for transition temperatureof organic layers:

Typically, the commercial PMMA polymer has a tréinsi temperature of
around 100~11 [56, 119], but this value might change when processing
different polymer concentrations. For example, 3p)ahPMMA in 1 ml solvent
would have a dilution ratio larger than 100 mg PMNhAthe same volume of
solvent. In addition, a proper pressure is adey, depending on the heating
temperature. Therefore, the thermal imprint cooditivas first studiedin
experiential tests.

In order to have a thick enough material for impng, we dropped the
PMMA solution onto a glass substrate (2.5 3.5 cm). It fully coveed the
substrate until it formed a surface tension states to the surface tension state,
the sample could be treated as an approximateupdanface around the central
position for later imprinting. Once the solvent pweated, a thick enough
PMMA layer was obtained. As shown in Figure 5.1I% pressure for the
imprint was fixed at around 50 psi all samples, and the heating temperature

was varied from 11 to 160C in steps of 10C.

(a) T=110°C (b) T= 120°C () T=130°C
Lightly sunk shape Heavily sunk shape Heavily sunk shape
Mot transfer Mot transfer Partially transfer
(d) T= 140°C (e) T=150°C (e) T=160°C
Colorful pattern Pattern is still good Pattern is affected

Well transfer !! Some bulbs around by many bulbs

W

W W
A few bulbs Bulbs increase Alots of Bulbs

Figure 5.1.2: Heating temperature (T) effects on imprinted pattdastéd on a PMMA layer.
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In the temperature range of 110-120 the PMMA surface revealed only a
sunk shape and did not exhibit clear transfer pattel his could be caused by
the applied pressure being lighter than in othees&3]. When the temperature
reached 130C, partially colorful areas indicated a partialtgrisferred pattern.
Until the temperature of 14Q, the obviously bright rainbow colors could be
observed from the flexible PMMA layer. This wasd®rce of a strong light
diffraction from the imprinted grating structures @s surface. If we kept on
heating the sample to a temperature of’C5@he colorful pattern still remained
but some interior air bubbles were generated, Isecaverheating a sample
would cause a rapid and huge release of intemom he phenomenon was worse
when heating to 16€C where the pattern contained a large amount of air
bubbles. These bubbles could be reduced when theegy was done in a
vacuum space. In summary, it was found that thetrmagable imprinting
temperature in normal atmospheres was°@4@nd the fewest amounts of

defects were obtained when the pressure was 50 psi.

140°C treatment

Figure 5.1.3: Transferred pattern showed a colorful appearance on & Riyién
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5.1.2 Periodic structure of imprinted pure organiclayers:

To determine the quality of the transferred patterd its periodic properta
tunable Helium-Neon (He-Ne) laser was used. Therlasan provide five
selectable wavelengths, 543 nm, 594 nm, 604 nmn@i,2and 633 nm. In our

experiment, the wavelengths of 543 nm, 594 nm &3dnén were applied.

Tunable Helium-Neon (He-Ne) Laser
(From: Research Electro-Optics)

Figure 5.1.4: Tunable He-Ne laser.

Laser wavelength , ¢ Laser wavelength
at633 nm at 594 nm

Figure 5.1.5: Periodic structure with good transfer. Left: Tuné&ser at emission wavelength
of 633 nm. Right: Tunable laser at emission wavelength of 594 nm.
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The tunable He-Ne laser is shown in Figure 5.14e Taser power levels
were 0.3 mW (aawavelength of 543 nm), 0.6 mW @tavelength of 594 nm)
and 4.0 mW (ata wavelength of 633 nm), separatelyhe grating induces
diffraction patterns at different angles which héeen measured for the three
laser wavelengths and compared with the classitfeation theory. As shown
in Figure 5.1.5., significant diffraction patteme&re obtained for 633 nm (left
part) and 594 nm (right part). The first orderrdifftion angles were determined
at around 23 (atawavelength of 633 nm) and 2{at awavelength of 594 nm).
These diffraction angles from different laser wawngth pointed out the same
periodic properties of the grating imprinted in PMMThe related grating
period is ~1.eum. Arandom roughness is revealed by a weak spuhdipérsion
in the zero order diffraction patternkh comparison, the dispersed zero order

diffraction pattern in Figure 5.1.6. indicated ar@dged transfer structure.

Laser wavelength 4 Laser wavelength
at633 nm at 594 nm

Figure 5.1.6: Periodic structure with bad transfer. Left: Tunalstr |t emission wavelength
of 633 nm. Right: Tunable laser at emission wavelength of 594 nm.
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Since the structural period was estimated fromdiffeaction angle of the
laser beam, an optical probe mapping techniqua®BT IL system was applied
for visualizing these periodic structures basedaamromatic confocal method.
Chromatic confocal sensing (STIL patent) was inednh 1995 and is utilized
as an accurate and reliable technique for non-cobm&tance and surface
mapping measurements. Furthermore, this non-physaatact technique is
important and benefits for a very sticky or softtenal surface such as the
PMMA polymer used in our study. In Figure 5.1.7 nirche STIL SA an
illustration of the chromatic confocal system i®wh. The microtopography of
a sample consistsf measuring the altitude (z coordinate) of each tpafirthe
surface on the sample. From this proposed technifeeneasurement would be
achieved by moving the mechanical part along tlexig based on dynamic
focusing. In the STIL system a white light souc@maged by an objective lens
with extended axial chromatism on a series of mbreoatic point images in
the measurement region. Due to the confocal cawafigun, only the focused
wavelength will pass through the spatial filterwitigh efficiency, and all other
wavelengths will be out of focus.

Among different STIL commercial systems, the STllicddmeasure2 was
utilized in our measurement. The system providesramum laterally scanning
stepof 0.078um. The available probing depth was within the langege of 65
um which is quite good enough for our layers witkckhess aroun@ um. The
mapping of & um x 5um is shown in Figure 5.1.8. The periodic property of
around 1.6um is in good agreement with the estimated result ftbhenlaser

diffraction angle.
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Figure 5.1.7: An illustration of the chromatic confocal systerarfiFthe STIL SA).
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Figure 5.1.8: A 2-D mappingf the periodically imprinted structure of PMMA.
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5.2 Imprinted nanostructure in hybrid organic layer with quantum dots

In order to have the emitted luminescent light lirectional, a bi-periodic
grating structure was constructed into the hyldrid tilm layers. In section 5-1
we demonstrated # the imprinted nanostructure can be made effigiemtl
pure PMMA layers. In this chapter we present owults for the imprinting
technique in layers made of hybrid PMMA contain@Bs. A direct method to
make nanostructure is through electron beam liggoigy. However, the electron
beams with very high energy could strongly degratle luminescence
efficiency of QDs 120. Hence an indirect structure transferring methed
necessary. This is the reason why the nanoimprethoad was applied in this
research. The nanoimprint technique has many o#ltefantages such as

fast-production and repeatable fabrication in otddower the cost33).

5.2.1 Fabrication process of imprinted hybrid layes via optimized heating:

The silicon mold patterned by electron beam litapyy is shown in Figure
5.2.1(a). Its cross section image is shown in feidu.1(d) showing a period of
~1.6+0.05um. This mold is the samasthe one used to imprint PMMA. The
preparation of hybrid thin film layers of PMMA/ amshell CdSe/ZnS QDs on a
glass substrate was the same as described in ClHapirie to the transition
temperature of PMMA 56, 121] and testing results in the last section, the
patterned silicon mold should be homogeneouslyheeted at 14@C on a
metal-top hot plate for 5 min before imprinting.ridg the imprinting process, a
pressure above 50 psi was homogengoagplied on the samples for 15 min,
meanwhile, the heat treatment was kept on theosilimold as shown in Figure

5.2.1(b) and Figure 5.2.1(e). After imprinting, tleenperature was cooled down
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to room temperature in order to demold the attacdia@dple. A good transfer of
the structure to the hybrid thin film can be figaichieved as illustrated in

Figure 5.2.1(c) with the cross section in Figuiz Kf).

(a) Patterned Silicon mold (b) Imprinting polvmer (c) Nanostructured polymer
Periodic nanostructure mold Homogeneous pressure Cooling and demolding
X‘ l from the silicon meld

Silicon mold with

o di i Substrate
PrOOCETITORINEAns: e hybrid polvmer film  Structured hybrid polymer film

(d) (e) ®
Period of ‘ ‘ ‘ ‘ ‘ Period of
1.6 pm | —— 1.6 pm
‘= '
: : ]
Cross section of Cross-section of Cross section of
silicon mold imprinting polymer structured polymer film

Figure 5.2.1: Nanoimprinting method applied in order to obtain aotsed polymer films: (a)
sketch ofa silicon mold with a periodic structure and (d) is its sexti®n; (b) principle of the
imprinting process via thermal imprinting lithography (NIL) andr{gyoss section; (c) shows the
expected nanostructured hybrid polymer with its cross section (f).

5.2.2 Periodic structure of imprinted hybrid layers.

Through an optical probe mapping technique (STllcrbiineasure2), the
imprinted samples including the silicon mold welk characterized.In the
morphology analysis the originally patterned siicoold has a period of around
1.6 um and a hole diameter of around {1, as shown in Figure 5.2.1 this
figure, the upper image shows the morphology mappasult, and the lower

one is its cross sectional profile. As can be s#sn,depth of each hole was
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around 1lum. These holes have a homogeneous distribution avitfixed
constant period and a constant depth.

In this figure, there were several holes with sivedlr characteristics. We
found this was because multiple usages of the saolé causd degadation
after too many uses (over 15 times). Even thoughntbld was cleaned using
chloroform, acetone and isopropyl alcohol (eaclp steh 5 min ultrasonic
vibration) before and after each imprint processnes sticky PMMA were still

residual in some placeshis could be improved by a surface treatmd#. |
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Figure 5.2.2: Patterned silicon mold with its periodic structure.
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After imprinting, the hybrid QDs-polymer layers déxibed the same periodic
structure (around 1.6 0.05um) which was well transferred from the original
silicon mold as shown in Figure 5.218 this figure, the upper image gives
morphology mapping result, and the lower one shitavsross sectional profile
seleceéd from the dashed line of the upper image. As it baan seen in the
profile, the transferred height of eacylindrical-like structure was around Ot6
0.05um. Compaedto the original depth of the silicon mold the sture height
transferred into the hybrid layers was about @r@di of it. Regarding the whole
thickness of the hybrid thin film layer (w2m), the structured part (~0.Gm)
could be enough for directing the emission. Theac#pto control the emission

direction was estimated by optical field simulasatescribed in later sections.

0.620.05 um

1.6£0.05 um

16

24

Position

Figure 5.2.3: Nanostructured hybrid thin film with QDs via nanpoint using a mold made by
e-beam lithography.
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5.3 Opitical field emission simulation for the peridic nanostructure

As seen in previous sections the period of stradtinybrid thin film and its
emission spectrum have been characterized. Tleaadibn angles can be
estimated by the classical diffraction theory. Thiraction angle,é,, from a
periodic grating of period d can be expressed by(Eqgfor the wavelengtla..

The diffracted order is representedray

0 = sin‘l(@] (1)
d

Figure 5.3.1 shows the first order diffraction a&sgl(m=1) versus different
propagation wavelengths from 300 nm to 700 nm deted for a period

grating of 1.6um. The period error of arountl 3% in the transferred structure

was taken into account. Since the QDs emission lelagth is 560 nm, the first

order diffraction angle is predicted at 26.9.67.

28 4 -

26 . \—-— Structural Period=1.6 pm\ ]

24-
22-
20-
18-
16—‘
14-

12 4

First Order Diffraction Angle (degree)

10 4 ]

— 1 — 1 — 1 T T T I

300 350 400 450 500 550 600 650 700
Propagation Wavelength (nm)

Figure 5.3.1: Calculated first order diffraction angle vs. wavelefogta grating period of 1.6

um. As the emission wavelength of the QDs of 560 nm,

the diffraction angle is expected to be 20.5
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5.3.1 Plane wave light emission in the nanostructer

In order to further investigate the electric figlgtribution in the periodic
nanostructure thin film, the finite difference tidemain (FDTD) simulation
was applied. The cross section of the structureidered in the simulation is
illustrated in Figure 5.3.2(a). The period is L. The height of each cylinder
is 0.6 um and the diameter of each is ufh, as showrby the morphology
measurement. Figure 5.3.2(b) shows an illustratiothe top view of the model

used. The region surrounded by a squareatbiste is the repeatable unit cell

considered.
(a)
oo Sensor oo
16y 0.6 ym
z L B L
I | by
y B—X

Figure 5.3.2(a) Cross section of simulation structure; (b) top Viewulation structure.

5.3.1(a) Emission light simulation in near field:

The light emitted from QDs under laser illuminatiovas assumed to be
beneath the periodic structure and homogeneouslyibdited. The emitting
non-structured film was decomposed in thin sliddsthe slices were assumed
to be the same. In these assumed slices, the QDs kiznse distribution as
observed from the TEM measurement. These emittoig dould be seen as
continuous wave packages. Thus, each of the slmald be further treated as a
plane wave emission source emitting in the drection. The considered

emission wavelength was of 560 nm. As can be sdérthe field distribution
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in the cross section structure of Figure 5.3.3, @@s emission source is

significantly redirected while propagating out bé tperiodic structure.

oo Sensor oo

Figure 5.3.3 Left: Cross section of the structure. Right: Eleaddid $imulation at 560 nm.

Theelectric field distributiorat the top of the bi-periodic structure surface has
also been calculated, (right part of Figure 5.3.%he calculations were
performed for a localized square region limitedttwy dashed line shown in the
left part of Figure 5.3.4 repeated periodicalithe X- and Y-dimensionsn the
dashed line region, the electric field distributiwas calculated for a detecting
sensor in front of the structure. It can be sedhenright part of the figure that
the electric field is strongly concentrated infiber corners corresponding to the

cylinder posttion.

‘ ¥
32
)

03 01 ol 03
Jpm)

Figure 5.3.4 Left: Top view of the structure. Right: Electric felthulation
from the dashed region.
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5.3.1(b) Emission light simulation in far field:

From the above calculatisnwe see that the FDTD method could solve the
electric field distribution throughout the perioditructure. In practice, it would
also be interesting if the field could be predictad away from our modeled
region. Since the recordadformation in the electric field distribution was
known on the local field detecting sensor, thedfiean then propagate to any
position in the half-space above the surface ofdiiecting sensor. From the
local field to the far field, the transformationclmique is based on the
equivalence principle for neso-far-field transformations122124]. According
to ths equivalence principle, the electromagnetic fieldtribution outside an
imaginary closed surface (a virtual surface) surding the object of interest
can be obtained if the equivalent sources on theed surface are knowa2.

In the propagation space, it was assumed that ¢abum (air) is homogeneous
and isotropic. Therefore, the field could be prtgdas a function of the angle
into the far field space above the detecting setfdn our FDTD far field
calculation,a visually hemispherical curve with 1 meter radiubyfaovered the
upper space of the sample as shown in Figure STBésample was centered in
the hemispherical curve. Upon the sample, the fielst sensor was set for
acquiring the electric field distribution as shoinr-igure 5.3.4 calculated with
the neato-far-field transformation. The field profile projed on a plane
surfaces shown in Figure 5.3.6. As can be seen in the éigre emission light
was then mostly distributed in the first order rdifttion patterns at angles
located at around 20in agreement with the previous calculation ofrddtion
by a grating (Figure 5.3)10n the other hand, it is not only this first ordbert
also the second order diffraction angle of arouhdy 4vhich is well matched

with the angles calculated with the classical alsffion theory. Even though the
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intensity of second order diffraction patterns wasch weaker than the first

order diffraction, it can still be obsedas marked in Figure 5.3.6.

*  Far field projection #

., on hemisphere

’

200 ‘300 400 500

Thednd.order

Figure 5.3.6: Far field simulation of diffraction pattern digttbbn with emission wavelength
of 560 nm.

97



5.3.2 Dipole source emission light in the nanostrture:

From the above section, the dkirection plane wave emission source has been
applied due to the assumption atlense QDs distributiorin this section, we
discuss another situation afrandom dipole emission from QDs instead of a
plane wave emission. Such an assumption is madeibe®Ds distribution can
sometimes be imperfect and separated. Hence thel Hifim could be treated as
containing random emission sources. In this sttltgse random sources were
analogized to random dipole emissions. These randgmoles with same
amplitude but random emission direction were saheér X-Y plane where the
emitted plane wave was considered previously asvishio Figure 5.3.7. The
other parameters such as structural geometrieswandundings were set to be

the same. The simulation results will be discussdde following section.

k. direction plane wave emission Randomdipoles emission

Figure 5.3.7 Left: kdirection plane wave emission source. Right: Random dipoles
emission sources at wavelength of 560 nm.

5.3.2(a) Emission light simulation in near field:

In this section, the light emitted from QDs undesdr illumination is assumed
to come from random direction and homogeneouskilniged dipole sources.
The left image in Figure 5.3.& an illustration of the periodic struceur
containing random dipole emitting sources and gkt rimage is the cross

section of electric field distribution. Due to ttenhdom emission direction from
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dipole sources, the emission light would be moreditg trapped in the
structured film. As shown in the right part of FigLb.3.8, the electric field was
mainly confined inside the structure and only a lsraaount of light is

transmitted out of the structure. In order to iigege how the electric field is
getting out of the structure, the calculation wasuked on the region just above
the top of the cylindrical structure. The electfield distribution above the

structure is shown in Figure 5.3.9, after rescaim&field.

Figure 5.3.8 Left: Cross section of the structure. Right: Eleaélid $imulation with
random dipoles emission at wavelength of 560 nm.

Directed emission

E- field profile
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Figure 5.3.9: Left: Simulation region located just above the sireicRight: Electric field
simulation from random dipoles emission.

99



In Figure 5.3.9, the simulation zone is indicated the daskd line. The
bottom of this zone is positioned at the top ofdlinders. We underatd that
the light emitted by electric dipoles aw randomly transmitted out of the
structure according to the electric field distribaot Surrounding the structures,
the electric field was quite strong and was abauptopagate. Above the
structure around 0.5m, we found that the originally random emissiorhtlig
started to propagate in specific directions. Thieational propagation means
the emissions could be directed. To investigateptfgagating emission, the
electric profile was takemt the distance of lum above the top cylinder as
shown in Figure 5.3.9. Along the dash line thetele€ield profile was recorded
and plotted as it can be seen in Figure 5.3.10. tDuthe emissions from the
random electric dipoles, the field distributionidesthe structure essentially had
a difference. This resulted in the distinct electfield intensities of these
emissions. However, in our investigation, thesguoiuemissions, could still be

directed in their spatial propagation.
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Figure 5.3.10: Electric field profile from distance.fn above the top cylinder structure.
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The electric field distributiort the top of the bi-periodic structure surface is
shown in the right part of Figure 513. The calculations were foced on a
localized square region, limited by the dashed imehe left part of Figure
5.3.11, becausef the periodicity in the X- and Y-dimensiandBefore
considering the structure, thes#dom direction dipoles with homogeneous
distribution were nearly the same and a slighedsifice in electric field caused
from their random directiondBut after considering the structuréwas found
that the calculated electric field was strongly aanirated in the four corners
corresponding to the cylindrical positioning aswhan the right part of Figure
5.3.11. Compad to previous plane wave emissions, random dipolsssoms

had random directions but still maintadha localized local field distribution.

Z 1.6 um e

Figure 5.3.11 Left: Top view of the structure. Right: Electric fiatautation with random
dipoles emission from the selected region.

5.3.2(b) Emission light simulation in far field:

To study the far field behavior, we took these manddipde emissions in
order to calculate the far field simulation usilg same method discussed in
section 5.3.1(b)The calculation shows that the diffraction patté&snocated

around particular directions in the far field paijen as shown in Figure 5.3.12.

101



In comparison with the plane wave emission, theselom dipole emissions
give larger spots the far field projection. This behavior can beilattted to tle
dipole emissions with random directiocDonsidering the center of the spots the
first order diffraction anglas still shown and located at similar angles around
20°. So this periodic structure has the ability to dirfe QDs emission light.
This conceptis expected to be applicable in optoelectronic deviend

biological tags.

14

06

Diffraction patternis ]
still shown but weak ' 0.4

Biog

Figure 5.3.12Far field simulation of diffraction pattern distributiomifn random dipoles
emissiorat wavelength of 560 nm.
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Chapitre 6: Conclusions et perspectives

Des films minces de PMMA contenant des boites dquaed de CdSe/ ZnS
ont été fabriqués avec succes. Leffet de confinenmuantique a des
conséquences évidentes sur absorption et la goance de ces couches. Il a
été constaté que le spectre d'absorption est padecnent defini par les boites
guantiques dans le domaine visible, grace a ladgraransparence de PMMA
dans cette gamme de longueur d'onde. A la suiferdigonfinement quantique
dans ce type de structureur-coquille, un pic de luminescence a également été
obtenu a une longueur d'onde d'environ 560 nmrdpguort au pic d'absorption
principal situé aux alentours de 545 nm, on not agnversion de fréquence.
En prenant cette propriété de conversion de frapien considération pour des
applications, nous avons démontré expérimentalertiatérét de [insertion
d'une couche de boites quantiques hybrides dewemtcdllules solaires pour
convertir le spectre solaire UV dans le spectre lasibes photons luminescents
supplémentaires peuvent ensuite étre absorbéspaellules solaires. Grace a
la mesure de rendement quantique externe d'undecgtilaire en silicium, nous
nous sommes assurésvoir effectivement une augmentation de la production
de charge. Il a ainsi été montré que le couratilirde court-circuit (Isc) de 2
mA de la cellule solaire peut étre porté a 2.43 BEA.outre, nous avons montré
par simulation numeérique qu'une autre amélioratpeut provenir d'une
augmentation du champ électrique optique entreurteades boites guantiques
incorporées dans la couche active de cellulesreglaDn peut remarquer que
ces résultats sont obtenus pour des structurescdngawlus petites que la

longueur d'onde.
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Grace a des mesures de photoluminescence en folctitemps, nous avons
montré que leffet de couplage entre les boitemtiuaes apparait pour des
concentrations croissantes de QDs. Avec des pdagemnplus élevés de boites
quantiques, les plus densEsntre elles ont plusde chance d'étre cous les
unes aux autres et les transferts d'électronsasmmentés. Des décalages vers
le rouge du spectre d'absorption et du spectraimadéscence sont observés
lorsque I'on augmente ainsi la proportion de bajigantiques. En outre, lorsque
lon augmente la puissance de pompage par lasedéocalage vers le bleu
apparait avec une augmentation de lintensité méé&scence qui pourrait étre
due a une augmentation de la barriére de potentieite par la lumiére. Cette
barriere accrue pourrait piéger des porteurs degehanenant ainsi a une
accumulation dans les niveaux élevés d'énergieltaéds en un tel décalage vers
le bleu. Cependant, il a également été constatdigiensité de la luminescence
commencea se rédure aprés des temps d'illumination laser plus longses
une analyse approfondie, nous avons constaté quédizction du couplage
exciton-phonon a plus facilement lieu avec lesdsoquantiques denses. Nous
avons propose que ce puisse étre causergamonon liant les boites quantiques
voisines.

Pour d'autres applications de couches hybridesantides QDsle forte
luminescence, il est important de montrer que flaction de la lumiere émise
peut étre contrblée. A cet effet, nous avons démante ceci est rendu possible
en structurant le film hybride par des technigdesnanoimpression. Nous
avons montré gu'un bon transfert d'un mbtpériodique de 1.6 um efun
motif de trous de 1.2 um de diametre réalisés par lithdgeapar faisceau
d'électrons sur un moule en silicium dans des aeitlybrides en PMMA/ QD

peut étre obtare Afin d'étudier les émissions directionnelles deiches, deux
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types de simulations ont été utilisés pour calcidsrdistributions du champ
électrique : par FDTD et par la théorie de la détion classique. Les
distributions de lumiéere calculées a 1 metre deaddie de I'échantillon sont en
bon accord entre les deux méthodes. Cela montiteegupossible de controler
la propagation de la luminescence des boites questi incles dans des

couches minces, ce qui peut trouver de nombreysggations telles que les

cellules solaires, les voyants ou encore les édtiegidiologigues.

Perspectives
Ce travalil ouvre la voie a un grand nombre de metles futures:

» Nous n’avons considéeré que le cas de matériaux hybridganigues/
inorganiques semi-conducteurs réalisés sous forendilms minces de
PMMA incluant des boites quantiques de CdSe/ Zn& favaux futurs
pourraient étre effectués pour étendre ces étudesauires composés
hybrides utilisant, par exemple des boites quaesiqle TiQ. Il serait en
effet utile de comprendre les caractéristiqdesce matériau a 1’échelle
nanométrigues.

» Nous avons présent@ moyen d’augmenter ['efficacité des cellules solaires
en placant une couche hybrides contenant des liptastiques devant les
cellules pour convertir la partie UV du spectreagel en lumiére visible.
Toutefois, dans notre cas, la gamme d'absorptia abeiches étudiées
couvre un large spectrendessous des 560 nm correspondant au pic de
luminescence des boites quantiques. En consequkzftieacité totale de
conversion des cellules solaires pourrait étre mnaméliorée en utilisant
d'autres boites quantiques toujours pour colleletgrlus possible les UV

proches mais sans absorber dans le visible.

105



> Les travaux futurs pourraient également se corerergur les boites
guantiques directement incorporées dans les cellulsolaires
photovoltaiques pendant leur fabrication, pour medleure utilisation des
photons luminescents. D'autre part, les couchesidegorganiques/ QD
peuvent également étre structurées sous forme idauxr photoniques
faites par nanoimpression de facon a amélioreiélgepge de la lumiere et
obtenir une autre voie pour augmenter l'absorptigjue.

» Le controle de la distribution spatiade I’émission de boites quantiques a
été proposé en utilisant une structure bi-péricalicgalisée par nanoimprint
Cependant, il n'a pas été possible de mesurepétit®n conique de la
lumiére luminescente émise. Ceci peut étre effeané utilisant un
détecteur sensible a la lumiere se déplagant ad®l#chantillon. En outre
la distribution spatiale précise de lumiere estypleée par la dispersion de
la lumiére provoquée par la rugosité de la surfétar. conséquent, les
travaux futurs pourraient se concentrer sur unénigoe de lissage de
surface afin de réduire la partie diffusée de lmidme. En outre, les
considérations ci-dessus peuvent étre eégalemesgspen compte dans la
simulation, en incluant d'autres facteurs tels eiet du substrabu

d'autres structures différentes.

L’étude générales des propriétés de couches hybrides organiques/
inorganiques boites quantiques semi-conducteursé am&née montrant de
nouvelles propriétés et applications. Mais il ynaae beaucoup de place pour
d'autres champs de recherche et avec de la d@atidie nouvelles idées. Dans
les années qui suivent, nous prévoyadt&re en mesure de contribuer de fagcon

continue a de nouvelles idées et concepts, tougnngtilisan les propriétés des
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boites quantiques et pour les utiliser dans deficappns. Plus généralement,
des progrés portant sur l'énergie, avec la proehgénération de cellules
solaires photovoltaiques, ainsi que de nombreug@ssaapplications de ces
nanomatériaux complexes combinés avec des nanosésisont attendus dans

un proche avenr.
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