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ABSTRACT

This dissertation focuses on solution-processed light-emitting devices based on
polymer, polymer/PbS quantum dot, and polymer/silver nanoparticle hybrid
materials. Solution based materials and organic/inorganic hybrid light emitting diodes
attracted significant interest recently due to many of their advantages over
conventional light emitting diodes (LEDs) including low fabrication cost, flexible,
high substrate compatibility, as well as tunable emission wavelength of the quantum
dot materials. However, the application of these novel solution processed materials
based devices is still limited due to their low performances. Material properties and
fabrication parameters need to be carefully examined and understood for further
device improvement.

This thesis first investigates the impact of solvent property and evaporation
rate on the polymer molecular chain morphology and packaging in device structures.
Solvent is a key component to make the active material solution for spin coating
fabrication process. Their impacts are observed and examined on both polymer blend
system and mono-polymer device. Secondly, PbS colloidal quantum dot are
introduced to form hybrid device with polymer and to migrate the device emission into
near-IR range. As we show, the dithiol molecules used to cross-link quantum dots
determine the optical and electrical property of the resulting thin films. By choosing a
proper ligand for quantum dot ligand exchange, a high performance polymer/quantum

dot hybrid LED is fabricated. In the end, the interaction of polymer exciton with

Xiv



surface plasmon mode in colloidal silver nanoparticles and the use of this effect to

enhance solution processed LEDs’ performances are investigated.
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Chapter 1

INTRODUCTION

1.1 Development of Semiconductor LEDs

In modern society, light sources are one of the key electronic components used
in almost every aspect of human life, from common daily lighting to modern high-
technology digital devices. Their application includes but is not limited to general
lighting, large screen TV and displays, remote control, telecommunications, portable
electrical devices and sensors & imaging technologies. Recently, along the fast
development of personal portable digital devices and the increasing demand for low
power-consuming devices, light source innovation has attracted more and more
research and industry development interests. In today’s market for light sources,
fluorescent lamps have replaced incandescent light bulbs for general lighting, and
have also replaced CRTs (cathode ray tubes) for displays mainly due to their
advantages in higher efficiencies, lower surface temperatures and more compact
footprints. Still, fluorescent lamps also suffer from several drawbacks like low color
temperatures, low color saturations and large bulb sizes, which have limited further
development of modern lighting and display technology which requires low power
consumption, light weight and ultrathin configurations.

Along with the discovery and understanding of semiconductor materials and
their properties, a new kind of light source — the semiconductor light emitting diode
(LED) was first reported in 1920s [1]. The semiconductor-based LED is a category of

light source working on the mechanism of electron and hole recombination in



semiconductor material. In this process, the electron energy is directly released
through the emission of photons; the color of the light source depending on the band-
gap of the semiconductor material used in the device. To facilitate carrier injection and
confine recombination regions, LEDs wusually rely on n-type and p-type
semiconductors forming a depletion junction at the interface. During device operation,
large densities of electrons are injected from the cathode into the n-type
semiconductor while, on the opposite side, large densities of holes are injected from
the anode into p-type semiconductor. Electrons and holes meet at the junction’s
interface where they recombine and emit light. Compared with traditional
incandescent light bulbs and fluorescent light sources, semiconductor LEDs have the
lowest energy consumptions, smallest sizes, and fastest switching speeds. Their
efficiency has overcome fluorescent bulb (90lm/W), and meanwhile, their lifetimes
are significantly longer than incandescent and fluorescent bulbs. As the price of
semiconductor LEDs was reduced through mass manufacturing, they became widely
used as indicators, remote controls (for infrared LEDs), and backlighting in displays,
gradually replacing traditional light source in the market. But the high cost and low
throughput of epitaxial growth process of inorganic semiconductor LEDs
manufacturing is the main drawback that holds their progress in the commercial
market for low cost, large area device and display applications. Moreover, the
inorganic semiconductor light sources based on III-VI semiconductors are also
difficult to integrate into silicon CMOS platforms because of the high lattice
mismatch, which can introduce fatal defects into crystalline semiconductor-based

LED:s.



In the last decades, novel conductive and highly-fluorescent organic materials
and inorganic quantum dot innovation have pushed semiconductor LED into a
completely new age. Small organic molecules, conjugated polymers and colloidal
quantum dot materials can not only significantly lower the LED fabrication costs, but
also offer many advantages including wider color range, ink-jet printability and
flexible substrate compatibility, many of which are out-of-reach for crystalline
semiconductor-based LED technologies.

The first organic LEDs (OLEDs) fabricated in 1987 used an aromatic small
molecule Tris(8-hydroxyquinolinato) aluminium (Alq3), as the active material to
achieve green light emission [2]. In OLEDs, small molecules are generally deposited
by thermal evaporation. Compared with solution-based processes, thermal deposition
has the advantage of accurate film thickness control and complex multi-layer structure
constructability, which are essential to achieve high quantum efficiencies[2,3].
However, this method still requires high-vacuum systems and high-power evaporation
procedures for device fabrication. Currently, carefully-designed multilayer structures
and doping of phosphorescent materials, which convert non-radiative triplet-states into
radiative singlet-states, have pushed OLEDs up to efficiencies as high as 100 Im/W
[4], which can compete with many commercial inorganic LEDs and fluorescent bulbs.
Table 1-1 summarized the power efficiency of common light sources. Compared with
inorganic semiconductor LEDs, OLEDs offer lower fabrication costs and easy
adaptability on amorphous silicon TFT backplanes [5]. It is considered to hold great
promises for producing ultrathin, ultra lightweight, better color saturation and more
efficient displays to replace current LCD (liquid crystal display) technologies for large

area screens.



Table 1-1: Comparison of luminous power efficacies for light sources.

Light sources Incandes | Fluoresc | Cool Warm Organic Polymer
cent entbulb | White White LED LED
bulb LED LED

Power efficiency | 14~17 [6] | 50~70 [6] | 60~92 [6] | 27-54 [6] | 70~131 7.8 ~20

(Im/W) [6] [7,8]

The LCDs technology works on the principle of light polarization and liquid
crystal molecular rotation under electrical field. The liquid crystal cell is a passive
structure which controls light intensity by controlling the thin film transparency. The
light source is a white fluorescent bulb placed on the back to light up the display
panel, and the RGB color are generated by placing RGB color filters on each pixel.
Therefore, a big portion of the light is wasted by the linear polarizers, the liquid crystal
absorption as well as the color filter, resulting in significantly lower efficiencies for
LCDs. The two polarizers also reduce the viewing angle of the displays, limiting their
application for large TVs and displays for multi-person usage. Meanwhile, the image
contrast is low due to the incomplete blocking of light through the liquid crystal layer.
The above mentioned limitations of LCDs can be very well solved by OLEDs, in
which each pixel emits one color of light individually. Samsung, Sony and LG have

successively launched their OLED-based TV and displays into commercial market [9].

1.2 Conductive Fluorescent Polymer Materials

Shortly after the first report of diode OLED based on small molecules, highly-
conductive and fluorescent polymers soon joined the OLED materials family [10]. As
small molecule materials, polymer conductivity is based on the electron wave function
delocalization caused by p-orbital conjugation as in Figure 1-1(a). But unlike small

molecules having low solubility in solvents, long polymer chains with different side



groups can dissolve very well in solvents so that thin films can be fabricated from their
solution via spin-coating or ink-jet printing methods. Solution deposition techniques
meet industrial demands for low-cost and large area processing. It also enables ink-jet
printing as a low-cost patterning method which surpasses any other complicated and
costly patterning process such as lithography and shadow mask. The possibilities of
cross-linking different monomers to form copolymers, changing their side chains or
forming polymer networks allows great tailoring on emission wavelength, material
electrical property and mechanical property.

The essential structure of conductive polymer is a continuous series of double
bonds formed by the half-filled p-orbital of carbon atoms. If more than one bonding
states along the chain are considered together, molecular orbital will form due to the
coupling between individual electron states. The electron in p-orbital fills half of the
bonding molecular state, leaving the other half of anti-bonding molecular state empty.
Figure 1-1 (b) schematically demonstrates these states. The gap between highest
occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital
(LUMO) in Figure 1-1(b) determines the optical and electrical property of the
conductive polymer, analogous to band gap in an inorganic semiconductor. Besides a
linear chain, the other form of p-orbital conjugation is aromatic rings as shown in
Figure 1-1(c). Both structures offer polymers with good conductive properties.
Meanwhile, aromatic rings-formed polymers have weaker chain distortion between
molecular HOMO and LUMO states, offering efficient electron transition between
HOMO and LUMO. As such, it often has a higher fluorescence efficiency compared
to linear chain-conjugated polymers [11]. For example the non-optically active

polyacetylene, through replacing a double bond by an aromatic ring in the backbone



unit cell, switches into Poly(p-phenylene vinylene) which has a fluorescent quantum

yield of 20% ~50%. [12,13]

2Py —

Carbon Atom Double Bond
® o e
® ' @ [ NE— — LOMO
Chain
/. .\ —rpe —_—
* —pf— —dule HOMO
— e — — e

Ring Ground State Excited State

Figure 1-1: Description of conjugation in organic polymer. (a) Electron orbitals for a
single carbon atom and a double bond between two carbon atoms. (b)
Conjugated carbon chain and ring structure that afford electron transport
(c) Ground state and excitated state of molecular orbital energy states.

In polymer chains, the half-filled neutral dangling bond is highly reactive. If a
dangling bond accepts an electron to pair the origin electron, it results in a negative
charge in the segment of the polymer. Conversely, if the original electron is removed
from the polymer chain, it forms a hole. These charges can diffuse along the polymer

backbone or jump from one chain to another, forming current in polymer thin films.



When an electron and hole meet each other, they form an exciton — an elementary
energy state of electron and hole bonded by electrostatic Coulomb force. Generally,
the exciton binding energy in polymer is much stronger than in inorganic material due
to the associated chain distortion to separate electron and hole pairs in polymer
segment [14]. In polymer material, once an exciton is formed, it has greater chance to
remain as a bonded entity instead of being separated as charged carriers again.
Therefore, the strong bond of electron and hole makes fluorescent polymers more
suitable for light emitting devices instead of photovoltaic devices. Excitons in
polymers can be generated either by absorbing photons with energy greater than the
HOMO/LUMO gap (photon excitation) or by injected carrier from metal electrode
(electron excitation). Four possible exciton decay pathways can exist: (1) radiative
decay to emit photon which is the source of photoluminescence and
electroluminescence, (2) non-radiatively decay with energy loss as heat, (3)
dissociation to release free mobile electrons and holes in the polymer, which is the
mechanism for photovoltaic devices, (4) transfer of energy non-radiatively to another
organic or inorganic material close by. To achieve highly-efficient
electroluminescence devices, process (1) should be maximized during structure design
and materials’ choices. In contrast, process (3) would be favorable for photovoltaic
devices.

While there are many similarities between electron and hole properties in
polymer and inorganic materials and HOMO/LUMO levels can often be considered
equivalent to the valence band maxima and conduction band minima in solid state
physics, organic and inorganic materials demonstrate significantly different carrier and

exciton transport properties as well as different material mechanical strength due to



different bonding states in the material’s matrix. For polymers, the charged carriers are
more localized that they only interact with the nearest repeat units of the polymer
chain [15]. This weak interaction between conductive states cannot form a real energy
band as in inorganic periodical lattice structures, consequently causing the low carrier
mobilities observed in polymer materials. Meanwhile, disorder of HOMO and LUMO
levels in polymer films also impedes electron and hole hopping between molecules.
The lower energy states act as local traps for carriers, further lowering carrier
mobilities in polymer materials. For exciton states in polymers, their binding energy is
higher than in inorganic materials due to the chain distortion associated with exciton
formation and the lower electron screening effect in polymers. Excitons are normally
localized on the scale of a single monomer of polymer. Such excitons with strong
bonding energy on the order of 0.1 to 1eV are referred to as Frenkel excitons [16]. In
contrast, the large dielectric constants in inorganic materials (electron screen effect)
reduce Coulomb interactions, resulting in exciton bonding energies on the order of
0.01eV. This type of exciton is referred to as a Wannier-Mott exciton. Figure 1-2
schematically demonstrates the differences between Frenkel and Wannier-Mott
excitons. Finally, from the material’s mechanical properties point of view, the weak
van der Waals bonds between polymer chains also causes a soft and flexible texture of
polymer thin films in contrast with their rigid inorganic counterparts, offering them
high compatibility with different kinds of substrates such as silicon TFT backplanes

and even flexible plastic substrates.
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Figure 1-2: Exciton spatial distribution for Frenkel exciton in organic material and
Wannier-Mott exciton in inorganic semiconductor material. The “+” and
“-” symbols mean “electron” and “hole” respectively in the material.

Due to Pauli’s Exclusion Principle, three fourth of excitons formed in electron
excitation in the small molecule solids are not optically active. The spin state of an
electron-hole pair can have four possibilities: <spins opposite, phases opposite>, <spin
opposite, phases same>, < spins same, phases same>, < spins same, phases opposite>
(phase is used to conveniently represent singlet and triplet in vector model, detailed
model can be find in ref [17]). Only the <spins opposite, phases opposite> situation
obeys selection rule for electron-hole recombination to occur, while other states have a
very long lifetime and will eventually decay through non-radiative pathways.
Statistically, this results in a maximium theoretical efficiency of 25% for
electroluminescence, significantly limiting the intrinsic performances of organic LEDs
[18]. For excitons in polymers, although the mechanism is still not very clear, it is

found that the singlet exciton population is much higher than %. In fact, the singlet to



triplet state ratio increases as the repeat unit in the polymer chain increases [19].
Beljonne explored the singlet and triplet formation cross-section dependence on chain
length [20]. From their calculation, it was found that the tunneling matrix element is
larger for transit from charge transfer state to singlet state in long-chain polymers, and
the chance for triplet charge transfer states to undergo intersystem crossing or
dissociation is also higher, giving the opportunity for triplets to convert to singlets.
Therefore, polymer LEDs can potentially achieve high electroluminescence efficiency

by efficient use of injected carriers.

1.3 Colloidal Quantum Dot

Due to their low-cost solution based processing and substrate compatibility,
polymer LEDs were proposed as a promising candidate to solve the LED integration
problem on silicon-based integrated circuits. Polymers’ fluorescence can cover the
visible wavelength range, but efficient near-infrared emitting polymers are still absent.
Some infrared dye-doped polymer LED can permit infrared emission, but with a quite
low efficiency [21]. Lead chalcogenides colloidal quantum dots can fill in this
deficiency as a solution processed material. Electroluminescent devices operating at
telecommunication wavelengths incorporated with PbSe and PbS quantum dots have
been reported. Fundamental studies of PbS and PbSe QDs revealed the fact that the
large exciton Bohr radii of PbSe and PbS permit stronger confinement than other II-VI
or III-V materials at the same quantum dot size. Furthermore, unlike other II-VI and
III-V materials, in which the hole and electron Bohr radii are asymmetric, the exciton
Bohr radii in lead chalcogenides quantum dots are composed of nearly equal
contributions from the electron and hole, allowing both carriers to be extremely

quantum-confined [22].
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Colloidal quantum dot are inorganic semiconductors synthesized from solution
through chemical reaction. The resulting material consists in nanometer-scale particles
protected by surface ligands, which provides them good solubility in solution. Over
the past several years, the optical and electronic properties of colloidal-synthesized
nanocrystals, or quantum dots, have been extensively studied because of their unique
optical and electrical features, including high quantum yields, large effective stokes
shift, broad absorption and narrow emission. These features offer them potential
advantages in diverse applications, such as multimodality imaging, optoelectronics,
and nanomedicine. These developments are results of the advances in colloidal
quantum dot synthesis that allow for increased control over the shape, size, and
emission wavelength of the nanocrystals, and the development of quantum dot thin
films formation methods of controlled structure and composition [23]. By changing
surface ligand, colloidal quantum dot can be dissolved in various polar and non-polar
organic solvent and even in water [24,25]. Besides the controllability on solubility,
after deposit quantum dot into solid state thin film form, ligand exchange can also alter
the quantum dot film properties including its doping concentration, fluorescent
quantum yield and carrier mobility [26]. Compared with epitaxially-grown quantum
dots, solution-synthesized quantum dots not only offer higher substrate compatibility
and low fabrication cost, but they also provide monodispersed and densely packed
quantum dot solid thin film structures which are extremely difficult to realize with
epitaxial growth. The quantum dots formed by epitaxy, which relies on lattice
mismatch-induced strain between two materials, typically have broad size distribution
and low surface densities. Solution-synthesis offers more spherical dots with a size

distribution as narrow as 10%, and can form films with quantum dot multiple layers.
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Colloidal quantum dots outperform molecular dyes and some organic materials by
their characters of good photo-electrical stabilities, easy emission wavelength
tunability and higher quantum yield. CdSe, CdS and ZnSe are typical quantum dot
materials for visible emission [27-29], and PbS and PbSe are materials used for near-
infrared emission[22,25,30-34].

A basic colloidal quantum dot synthesis process using three-neck flask and
organic-metallic precursor consists of the following [35]. Organic solvent and surface
ligand molecules are heated into high temperature under nitrogen environment. After
enough heating of the solution to allow complete dissolve and degas of reacting
chemicals, organic-metallic precursors are injected into the hot mixture. Precursors
react in solution to form nuclei first and the reaction continuously happens on the
nuclei, making them grow larger into quantum dots. The size of the quantum dots can
be controlled by adjusting surface ligand concentration in the reaction mixture at the
beginning, or via tuning the reaction temperature and time. Figure 1-3 demonstrates

the basic reaction setup.
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Figure 1-3: Quantum dot synthesis schema using the flask method. Right panel
shows the size growth with increasing synthesis temperature.

When the nanoparticle radius is smaller than the Bohr radius of bulk material,
ap = kh?/ue?, where k is dielectric constant of the material and u is a bulk exciton
reduced mass [36], quantum confinement occurs, which raises the band gap of the
semiconductor nanoparticle. Accordingly, by tuning the size of the semiconductor
nanoparticle, the band gap can be tuned to achieve different light emission
wavelengths using the same semiconductor material. Table 1-2 gives the exciton Bohr
diameter of typical colloidal quantum dot materials in visible and near infrared regime
[37-39]. Combining the use of different semiconductor materials with the size

tunability, quantum dot emission can virtually cover the entire visible and infrared
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wavelength range. Carefully-controlled synthesis conditions can ensure narrow size
distribution of the quantum dots. Therefore, colloidal quantum dot light emitting
devices can have much narrower emission peaks, and thus much purer and more
saturated color than small molecular and polymer based devices. Colloidal quantum
dots attracted significant attention in recent years due to the above mentioned
competitive advantages. Meanwhile, comparing with organic small molecules and
polymer materials, inorganic semiconductor quantum dot are more stable during

device operation, making them highly promising for commercial product applications.

Table 1-2: Exciton bulk Bohr diameter and bulk material band gap for typical
colloidal quantum dot materials. [39]

Semiconductor Exciton Bohr Diameter Band gap Energy

ZnSe 84A 2.58eV

CdS 56 A 2.53eV

CdSe 60~106 A® 1.74eV

CdTe 150 A 1.50eV

GaAs 280 A 1.43eV

Si 37 A (longitudinal) 1.11eV
90 A (transverse)

Ge 50 A (longitudinal) 0.67eV
200 A (transverse)

PbS 200~400 A* 041eV

PbSe 460 A® 0.26eV"

" Ref [38]

® Ref [37]

Compared with quantum well or carbon nanotubes which are confined in one
to two dimensions, quantum dots are materials fully quantized in three dimensions.
The energy states of zero-dimensional materials are atomic-like discrete levels with a

d-function density of states, such as shown in Figure 1-4. The energy gap of the lowest
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optical transition of quantum dot can be calculated using equation 1-1 with four terms:
the band gap of the bulk semiconductor material E;, the quantum confinement energy
due to quantization, the attraction between opposite charges due to Coulombic

interaction, and the spatial correlation (in meV) between two charges referred-to as

Rydberg effect.

2 2 2
E=Ey+> (= +—) 5 - 1.786 = — 0.248E, (1-1)

2 \me mp R2

where Eg, = 13605.852 (Z—z + :—2)‘1, h is the reduced planck constant, m, and m,

are effective masses, m, is the free electron mass, R is the radius of quantum dot, e is

the electron charge, € is the permittivity of the material, and Eg,, is referred to as the

effective Rydberg effect [40].
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Figure 1-4: Density of states for nano-scale confined materials.

In strong-confinement regime, the confinement energy is much larger than the

contribution from Coulomb and Rydberg terms. The confinement energy increases
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inversely to the quantum dot radius squared, which causes the total energy of band
edge-optical transitions to increase rapidly as the size is reduced. But for large
quantum dot, the Coulomb interaction is more important. In three confinement regime:
a>>R, a~R, and a<<R, different approximations can be used to estimate the exciton
energy.

For spherical shape quantum dots surrounded by an infinite potential barrier,
the solution for quantized energy level can be written in the parabolic approximation
as [41]

h2d7n

h
ESt =
Ln Zme‘th

(1-2)

where ¢, ,, is the n™ root of the spherical Bessel function of order [ ]l(cl)l'n) = 0, the
four lowest roots are ¢poo =, 19 = 4.49, ¢p,0 = 5.76 and ¢y, = 2m. But the
assumption of simple parabolic conductive and valence bands used to obtain equation
(1-2) is oversimplified to represent properly the real band structure of semiconductor
quantum dots, bringing discrepancies between equation (1-2) and most experimental
measurements. A multi-band effective mass approximation proposed by Pidgeon and
Brown using 8-band Luttinger-Kohn Hamiltonian to simultaneously take into account
the conduction and valence bands’ structure[35]. This model can predict the band
energy more accurately, agreeing with experimental absorption spectra measurements
[41]. With the consideration of intrinsic crystal field [42] and nanocrystal
anisotropy[43], large Stokes shift and long exciton lifetime of QD can be consistently

explained as a result of optically inactive lowest energy states [44]. In some case,
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within a range of quantum dot diameter, the exciton energy and quantum dot size

relation can also be very accurately predicted by empirical formula as well [30].

For quantum dot material, there is always a large redshift, called Stokes shift,
from the first absorption peak to the PL emission peak of semiconductor quantum dots
[44]. Stokes shift can be explained by the presence of “dark excitons” in quantum
dots. This exciton state has a slightly lower energy than the bright exciton state [44]. It
cannot couple directly with photons (angular momentum projection of +1) due to its
angular momentum of £2. During photo-excitation, the system absorbs a higher
energy photon to excite the electron into the lowest bright exciton state, then via
phonon interaction relaxes into the dark state, which can radiatively recombine after a
long lifetime through phonons interaction. The difference in energy between lowest
bright exciton states and dark exciton states causes the Stokes shift between absorption
and photoluminescence peaks. Factors such as asymmetry of the quantum dots,
electron-hole exchange interactions, exciton polaritons [45], and acoustic phonons all
contribute to the split between dark and bright states in quantum dots.

With the development of better quantum dot synthesis methods, size
uniformity and quantum efficiency for visible and infrared colloidal quantum dot were
greatly improved through temperature and precursor control. The successful synthesis
of core-shell and gradient shell structures further boosted quantum dots’ fluorescence
quantum yields [29]. For visible range, a gradient-changing alloy layer of Cd; xZnySe;.
ySy synthesized in a single-step method can provide quantum yields up to 80% in
solvent, with a narrow emission spectrum FWHM (full width at half maximum)
<35nm [46]. Gradient change core shell structure relieves the lattice mismatch and

confines electrons and holes within the core, passivating the exciton quenching due to
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quantum dot surface defects. It is reported that gradient core-shell structure can also
suppress quantum dot blinking which is a results of Auger non-radiative
recombination process [29]. For infrared PbS and PbSe quantum dots, the quantum
yield can range from 3% to 80%, dependent on quantum dot size as summarized in
Ref [47]. Quantum yields for larger size dots are generally lower than smaller
quantum dots because of the increased surface defect densities in larger dots. Surface
defect is a key parameter that affects the photoluminescence quantum yield, since high
quantum yields often result from good surface passivation by the ligand molecules
surrounding the quantum dots. Surface ligand exchange can affect the surface
protection, therefore changing the thin film photoluminescence quantum yield [48].

Small molecular ligands attached around quantum dots during the chemical
synthesis procedure are an important component of quantum dots that provide them
with good stability and solubility in common organic solvents. By manipulating and
exchanging the surface ligands, quantum dot solubility [49,50], photoluminescence
quantum yield [51], surface chemistry & functionality [52,53] as well as electronic
properties [54,55] can all be controllably affected.

Short dithiol ligand exchange is a recently developed approach that completely
changed the scenario of quantum dot incorporation in optoelectronic devices [26]. To
allow quantum dots to dissolve stably in solution, the ligands are generally long
(typically a 2.5 nm-long oleic acid in the case of lead-salt quantum dot synthesis).
After depositing these quantum dots into thin films, the long ligand inhibits carrier
transport between nanocrystals, resulting in quantum dot films with large resistance,
which is impractical for optoelectronic applications. Therefore, short ligand exchanges

such as small dithiol molecules have been widely explored for quantum dot use in
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devices. In this ligand-exchange process, short cross-linking molecules with strong
thiolated groups on each end are used to replace the oleate capping group around
colloidal nanocrystals to achieve the cross-linking of the nanocrystals into
films[26,56—58]. High structural quality and excellent electronic transport properties
have propelled these self-assembled nanocrystalline lead-chalcogenide film structures
to the forefront of cutting-edge research in the area of low-cost photovoltaic and
photodetector platforms[59—61]. Chapter 4 investigated PbS quantum dot thin film
properties differences after two kinds of dithiol ligands, namely benzenedithiol (BDT)

and ethanedithiol (EDT).

1.4 LEDs Made from Organic, Quantum Dots and Hybrid Materials

The first organic electroluminescent device structure [62,63] originally
consisted of a small molecules crystal layer sandwiched between two electrode
contacts, and the operating voltages could be as high as 1000 Volts [64]. In 1987,
Ching W. Tand and Steven Van Slyke from Kodak demonstrated the first practical
organic light emitting diode structure [2]. Two organic materials acting as hole-
transporting layer (TPD) and emissive electron-transporting layer (Alq3) were
incorporated in the device. ITO was used as the transparent anode and Mg as the
cathode to reduce the injection barrier of electrons from conventional cathode-like Ag
or Al into Alq3. Compared with single-layer structure, two and multi-layer structures
with electron- or hole-specified transport on cathode and anode side respectively can
(1) decrease device resistance for carrier injection and transport, (2) create holes build-
up at the hetrojunction interface which can help electron injection via built-in
electrical field, thus balancing electrons and holes, (3) increase exciton formation by

introducing electron and hole blocking layer, and (4) confine the recombination region

19



away from the metal cathode where higher rates of exciton quenching are observed.
Figure 1-5 shows a multilayer device structure including all possible functional layers
and the typical energy band alignment to achieve the function of each layer used in
this structure. In most of the actual devices, only a few of these layers are included due
to material limitation or fabrication complexity, and some of the functional layers are
combined in one layer such as Alq3 or F8BT materials that can function as an electron
transport layer as well as an emission layer, and a hole transporting material with high
LUMO level can also block electrons due to the large barrier for electron injection into
this material.

During device operation, a voltage is applied between cathode and anode
contact across the device structure. On the cathode side, electrons are injected from the
cathode into the LUMO level of the electron transport layer. Most organic materials
have a high LUMO level and the carrier mobilities are 5~7 orders of magnitude lower
compared with their organic counterparts. Thus low work function metals must be
used to achieve sufficient carrier injection and assure high quantum efficiencies in
organic LEDs. Calcium, Magnesium and Barium are considered more preferable than
Aluminum, Silver, and Gold, which are conventional electrode contact materials. But
low work function metals are susceptible to degradation related to oxygen and
moisture, in part, causing low stability of organic LEDs. The metal ions can also drift
easily into the organic layer, subsequently creating defects that reduce the lifetime of
the device. On the anode side, holes are injected from transparent ITO anode into
HOMO level of hole transporting layer. ITO has a work function of ~5.1eV,
promoting efficient hole injection. Electrons and holes drift toward each other under

external electromagnetic field, meet and form excitons in the emission layer. If
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excitons are formed in other layers, energy transfer mechanism can allow non-
radiative exciton energy transfer from the large band gap material layers into smaller
band gap emission layer via Forster or Dexter mechanisms. As can be seen from
Figure 1-5, carrier-blocking layer can prevent injected carriers from leaking through
the whole structure, confining carriers in the emission layer to increase the chance of

exciton formation.

Cathode contact
Electron injection layer (EIL)
_ Hole blocking layer (HBL)
l:éi 9.} Emition layer (EL)
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Glass

Figure 1-5: Multilayer device structure including all possible functional layers and
the typical energy band alignment to achieve the function of each layer
used in this structure.

Multilayer structures can be achieved through layer-by-layer thermal
evaporation for small-molecules devices, but are much harder to achieve for polymer
LEDs. Conjugated polymers have similar solubility in common organic solvents, thus
the bottom layer will often be dissolved and blended with the top layer materials
during spin-casting, destroying the multilayer structure. Only a very limited number of
polymers can be used for multilayer device structure such as PPV, which requires high
temperature baking polymerization process under high vacuum. PPV layer forms a
cross-linked polymer network which does not dissolve in solvent anymore after high

temperature thermal treatment, thus further deposition of other solution processed
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polymer on top of PPV is possible. Given the difficulty of making multilayered
polymer LED, blend polymer LED are mostly used in polymer LED literatures, as
good performances can be achieved by simply adjusting polymer solution solvent to
control phase separation in polymer blend thin film. For polymer photovoltaic devices,
rich heterojuction interface is desired to increase the chance for exciton dissociation
and form free electron- and hole-current, therefore, small domain size is preferable to
increase the interface area. For light-emitting devices, different constraints on bulk
heterojunction interface are applied for device optimization. There, excitons formed in
emission polymer either by direct electron-hole encounter or energy transfer from a
larger band gap polymer can drift in polymer domains before they recombine
radiatively. Given an exciton diffusion length on the order of ~10nm, domain
separation larger than this range in blend film structure is favorable for an LED
structure to prevent exciton breaking at interface before recombination. Solvent effect
on blend polymer LED performance will be further discussed in details in chapter 3.
Typically, I-V characteristics of conductive polymer layer are usually bulk-
limited rather than injection-limited, in which the metal contact is the main current
limiting factor, due to the low carrier mobilities in polymer thin film. Carriers injected
into polymer thin films form built-in electromagnetic field that impedes further carrier
injection. The field-dependent carrier mobility in polymer also needs to be considered
to describe current densities in polymer LEDs. Mott-Gurney law gives the space-
charge limited current equation. Combining with field-dependent mobility, a simple

device I-V model can be used for device of single carrier injection:

9 V2 1%
SI;CI':LC =g &Ho EeXp(ﬁ E) (1-3)
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Where JEf - is the current density, € = gy¢, is the permittivity of the polymer, p is
the carrier zero field mobility, d is thickness of the polymer film, V is the applied
bias and f is the field effect mobility coefficient, which depends upon trap depths in
organic semiconductors [65]. Varying the efficiency of carrier injection from each
electrode and combining with relative mobility of electrons and holes in the emissive
layer, the recombination region can be adjusted. The best scenario for achieving high
efficiency is to confine the recombination region in the middle of the device, where
electrode quenching is reduced to the minimum.

Lambert’s distribution defines the luminous space pattern of the polymer LED
electroluminescence, that is the emission intensity spatial distribution is proportional
to the cosine of 0 between observer’s line of sight and surface normal, I = I, cos(6)
[66], where I is the maximum intensity observed from the surface normal direction as
shown in Figure 1-6. According to this intensity distribution, by integral the half space
above emission surface numerically, the total power emitted by the LED can be
estimated from a measured power within a given cone by P, = P/sin?(¢), where P,

is the total power emitted by the LED and ¢ is the half-angle of the cone.

IpWsr1

I=1I,cos(0) Wsr 1

Figure 1-6: Lambert distribution.
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Colloidal quantum dots were introduced into organic LEDs only since 1994
[67]. Colloidal quantum dots combine the benefits of large area device fabrication
capacity of polymer materials with the good electrical stability of inorganic materials.
Meanwhile, the emission wavelength of quantum dot LEDs can be controllably tuned
by adjusting quantum dot size during synthesis. Two approaches are mostly used for
quantum dot LEDs found in the literature: 1) quantum dots are photo excited by a
primary LED, and 2) direct electrical excitation by carrier injection [67]. For the first
approach, the primary blue or UV LED can be either organic or inorganic. It is
independent from the quantum dot layer, which does not participant in any charge
transport process. Photoluminescent quantum dots are simply deposited on top of the
primary LED structure to achieve the desired emission. The second approach achieves
electroluminescence by direct carrier injection. The first realization of carrier injection
infrared quantum dot/organic LED employed a blend layer of polymer and quantum
dots. The development of hybrid organic/inorganic nanocomposite materials is a
promising strategy to create new functional materials with superb optical and
electronic properties not accessible in any of the individual components. Some of the
potential advantages offered by this hybrid approach include: a) solution-based
processing, flexible substrate compatibility and good charge transport property from
polymer matrix; b) fast exciton extraction at the heterojunction interface, and c) broad
absorption band, tunable optical bandgap and narrow emission linewidths from
semiconducting quantum dots. The performance of these hybrid devices crucially
depends on energy bands matching at the interface, blend film morphology,

composition ratios, and nanocrystal shape. [68].
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For the blend hybrid device as in Figure 1-7 (a), quantum dots and polymer are
blended in solution, then spin-coated on to hole injection polymer PEDOT:PSS
(poly(3,4-ethylenedioxythiophene) poly(styrenesulfonate)) covered ITO substrate
[67]. Quantum dots have long insulating organic ligands attached to their surface,
resulting in low electron injection efficiencies and insufficient charge transport
between quantum dots. Device performance was very limited in blend structures and
structures with thick quantum dot layers [69]. Bawendi’s group fabricated a device
consisting of a single layer of quantum dot sandwiched between organic electron- and
hole-transporting layers by utilizing polymer quantum dot phase separation during
spin-coating [70]. Quantum dot and hole transporting TPD polymer were first blended
in solution first by carefully choosing concentration ratio. During spin-coating, the
quantum dots produced a self-organized single layer on top of the TPD layer due to
phase separation. Then, an electron-transporting layer of Algq3 was deposited by
thermal evaporation, keeping the bottom TPD/quantum dot layer intact. Figure 1-7 (b)
shows the device structure. An external quantum efficiency of 0.5% was reported from
this structure. In this device design, quantum dots are confined between electron-
transporting and hole-transporting organic materials, with electrons and holes being
injected into the quantum dot layer at the junction to ensure efficient carrier
recombination. The high LUMO of the TPD makes the hole-transporting layer a good
electron-blocking layer as well, confining electrons in the quantum dot region. Due to
the large band gap of the organic materials, excitons formed in the organic layer can
transfer their energy to quantum dot excitons, but the green emission from Alg3 can
still be observed in this structure [71,72]. The infrared output power of this device is

also very weak due to the ultrathin monolayer of quantum dots incorporated into the
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structure. In recent years, metal oxide are introduced into organic and quantum dot
hybrid LED structures. TiO2 [73] and ZnO [74] have all been subsequently used as
good electron-transporting material. Figure 1-7 (c) is an example of a quantum dot-
sensitized solar cell with TiO, as electron-transporting material. Inorganic metal
oxides are more robust and stable in air and moisture than organic materials. But the
metal oxides deposited by sputtering or thermal evaporation increase the fabrication
cost and limit large-scale fabrication capacity. Colloidal or sol-gel fabricated metal
oxide nanoparticles also suffer from the low carrier transport mobilities before
undergoing high temperature thermal treatment, which can potentially harm other
material and quantum dot layers deposited underneath the metal-oxide electron-
transporting layer. The quantum efficiencies of organic or quantum dot LEDs using
metal oxide as electron transporting layer are still lower than devices using pure
conjugated organic materials [65]. Many new metal oxide materials are still undergone
investigation, and significant improvements in LED performances have been reported
for ZnO, TiO, and MoOs; incorporated devices. Significant research efforts are also
invested into low-temperature metal-oxide fabrication to extend their applicability for

various substrates and other temperature-sensitive materials [75].
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Figure 1-7: Conventional hybrid quantum dot device configuration. (a)
polymer/quantum dot blend device (b) monolayer of quantum dot
sandwiched between organic electron transport layer (ETL) and hole
transport layer (HTL) (c) Quantum dot-sensitized device.

As mentioned previously, short dithiol ligand exchange has completely
changed the scenario of quantum dot incorporation into optoelectronic devices [26].
Ligand-exchange can provide multilayered quantum dot thin films with high structural
quality and excellent electronic transport properties. Since the carrier doping densities
and carrier mobilities in thin film highly depend on quantum dot surface states and the
spacing between quantum dots, choosing the proper surface ligand in the exchange
process can significantly alter the thin film electronic properties to target different
device applications. Meanwhile, after ligand-exchange, the quantum dot layer
becomes unsolvable in nonpolar solvent. Therefore, layer-by-layer deposition can be
used to fabricate thin film with superior structure quality and better charge transport
properties. The possibility of using bulk quantum dot layers in photovoltaic,
photodetector and LED platforms significantly improves the device performances, and
extends the range of possible device configurations. Figure 1-8 shows several

quantum dot device configurations using cross-linked quantum dot layers.
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Figure 1-8: Four possible device configurations using cross-linked bulk quantum dot
layers as the functional material. (a) The Schottky device with pure
quantum dot layer, (b) Depletion heterojunction between metal-oxide and
quantum dot materials, (c) Organic material as carrier transport and
blocking layer in hybrid multilayer structure, (d) cross-linked quantum
dot in polymer quantum dot blend bulk heterojunctions [76].

1.5 Surface Plasmon-Enhanced LEDs

Surface plasmon modes stem from the collective oscillations of free electrons
in metals. The particular properties of surface plasmons (SPs) in metallic
nanostructures and their interaction with photons and excitons have generated
tremendous research interests and efforts in the last decades[77—82]. Metallic nano-
structures have now been widely used to enhance Raman scattering [83], optical
absorption [84] and photoluminescence of fluorescent materials[77]. Recently, the
phenomenon of SP-enhanced exciton decay rate has also been exploited on organic
and inorganic material electroluminescence (EL), offering great promising on
improving LED performance [85].

It is well understood that flat metal films placed directly atop a fluorescent
material quench excitons by causing exciton dissociation and coupling with the
propagating surface plasmon polariton (SPP) mode [86,87], which ultimately results in
non-radiative thermal loss in the metal film due to a momentum mismatch preventing
photon emission. Using GaN quantum wells [80], it was previously demonstrated that

two key factors can contribute to switching this metal quenching into strong metal-
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enhanced luminescence: (1) having a thin spacer layer between the metal film and the
luminescent material to prevent exciton dissociation and (2) using metal nano-
structures supporting localized SP modes that can couple with the photon-emission
mode. The enhancement is explained by a high electromagnetic density of states p
introduced by surface plasmons around the metal structure, through which the exciton
decay rate is enhanced according to Purcell’s theory [88].

Using quantum theory, the probability of spontaneous emission is proportional
to number of radiation oscillators per unit volume 8mu?/c3, where v is the frequency
of the oscillators and c is the speed of light. Purcell predicted that when the system is
coupled to a resonant electrical circuit, the number of radiation oscillators per unit
volume is associated with the cavity Q factor [88]. The spontaneous emission
probability is thereby increased by a factor of f = 3QA3 /412V, where V is the volume
of the resonator. SP resonance can be considered as a novel cavity in which the
emitters surround outside of the cavity and remain strongly-coupled with the cavity.
Although the Q factor is smaller compared with other cavity architectures due to high
metal losses in the particle, the mode is strongly-confined at the nano-scale thus
significantly reducing the V¢ to yield a large Purcell enhancement factor. Enhanced
spontaneous emission competes and dominates over other non-radiative recombination

channels in photoluminescence and electroluminescence measurements, resulting in
I'rad

I'rad+Tnon-rad

high quantum yield n = , where rp,q and rpon_raq are radiative

recombination rate and non-radiative recombination rate respectively.
Thus, enhanced electroluminescence using noble metal nanoparticles formed
by vacuum evaporation and thermal annealing has been successfully observed in GaN-

based quantum-well LEDs[89-93], Si-based LEDs [81,94] and small molecule
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OLEDs [77,95-97]. Chen et al., who have successfully validated the possibility of SP
enhancement in polymer LED (PLED) structures, applied a special low-temperature
pulsed laser anode deposition method to embed silver nanoparticles in a gallium-
doped zinc oxide anode layer prior to polymer spin-coating [32]. Besides the stringent
requirements on the anode deposition process, a very modest enhancement factor of
about 2 was achieved, likely due to the large spatial separation between the SP mode
and the exciton formation region in the polymer film [32]. Meanwhile, colloidal
metallic nanoparticles allowing facile solution processing were used to achieve SP
enhancement on small molecule-based OLEDs by electrostatic absorption into Au
nanoparticle layers or through Au nanoparticles blending into a hole-injecting polymer
layer. Their results also confirm that high nanoparticle densities can be beneficial for
producing high SP enhancement. In chapter 5, a simple all solution-processed SP-
enhanced PLED structure is produced, with a high enhancement factor obtained by
using solution synthesized colloidal silver (Ag) nanoparticles encapsulated with a long

oleylamine ligand.

1.6 Structure of This Thesis

Given the low-cost advantage for industry manufacturing and potential roll-to-
roll ink-jet printing fabrication, solution processing is expected to replace current high
cost vacuum deposition methods often required for deposition of inorganic materials
and small molecules. Modern polymer materials and colloidal quantum dots also show
relatively better optical and electrical stability in oxygen and moisture environment
than most fluorescent small-molecule materials. Exceptional properties like high
absorption cross-section, size tunability and narrow luminescence peak have initiated a

wide range of application of colloidal quantum dots in opto-electronic devices. In a
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polymer-quantum dot hybrid device, the polymer can act as carrier transport layer,
carrier blocking layer, and to form a hetero-junction with quantum dots to offer
superior device performances. Colloidal synthesis of metallic nanoparticles also
introduced the possibility of using surface plasmon enhancement effect on material
electroluminescence.

This thesis focuses on solution-processed light emitting diodes based on
polymer blend, polymer/PbS and polymer/Ag nanoparticles hybrid structures. Two
types of polyfluorenes: TFB (poly(9,9’-dioctylfluorene-co-N-(4-
butylphenyl)diphenylamine) and F8BT (poly(9,9’-dioctylfluorene-co-
benzothiadiazole) were chosen as the reference polymer system used for device
fabrication and material property investigation. Polyfluorenes are superb materials for
polymer LEDs due to their high luminescence efficiency, resistance to photo-oxidation
and good processability [98]. Combining electronic and optical measurements with
morphological analysis, the impact of aromatic and non-aromatic solvents used in
polymer blend film preparation is first investigated in this thesis. We see that charge
transport and film morphology can be manipulated by choosing the right solvent to
enhance polymer LED efficiency and output power. For polymer and quantum dot
hybrid LEDs, this thesis will focus on the infrared LED made from lead sulfide (PbS)
quantum dots, which have high quantum yield in infrared wavelength range of
interest. Lead sulfide dots have large dielectric constants, large bohr radius, allow
efficient multiple exciton generation, and large carrier mobilities. Solution based
processing of this infrared emitting material offers the possibility of direct integration
on silicon substrate. A polymer/quantum dot heterojunction multilayer structure

produced using orthogonal solvents is demonstrated. Quantum dot ligand exchange is
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first applied to increase carrier transport in quantum dot thick films in LED structures.
The ligand exchange effect is further analyzed by doping concentration and carrier
mobility investigation to explain their emission properties. For surface plasmon-
enhanced polymer LEDs, an all solution-processed polymer/Ag nanoparticle hybrid
device is presented, and the enhancement dependence on Ag nanoparticle
incorporation is also investigated.

Chapter 2 introduces the experimental methods for device fabrication, and the
characterization methods used to investigate material and device properties. Chapter 3
demonstrates the solvent and baking effect on polymer thin film morphology and
polymer LED performance. Chapter 4 discusses quantum dot ligand exchange effect
on exciton behavior in polymer and quantum dot hybrid structure. Chapter 5
demonstrates a QD/polymer hybrid LED device. Emission wavelength can be adjusted
from 980nm to 1600nm by incorporating different sizes of quantum dots in the same
device structure. Chapter 6 shows the impact of metallic nanoparticles’ incorporation
to improve the performances of polymer LEDs. Finally, chapter 7 presents the main

conclusions and future research prospects.
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Chapter 2

EXPERIMENTAL METHOD

2.1 Materials Used in The Thesis

Three kinds of solution-processed materials were used in this thesis:
conjugated fluorescent polymer, colloidal PbS quantum dot and colloidal Ag
nanoparticles. The fluorescent polymer poly(9,9’-dioctylfluorene-co-benzothiadiazole)
(abbreviated as F8BT) and poly(9,9-dioctylfluorene-co-N-(4-
butylphenyl)diphenylamine) (abbreviated as TFB) are purchased from American Dye

Source, and the other two nanoparticle materials are all synthesized in our lab.

2.1.1 Polyfluorene Polymer

Polyfluorene is a class of state-of-the-art conjugated polymers that contain the
fluorine unit as shown in Figure 2-1(a). The bridged pairs of benzene rings form the
major part of the conjugated back bone, and the octyl side-chains help to solubilize the
polymer. For the electron-transporting polyfluorene used in this thesis poly(9,9’-
dioctylfluorene-co-benzothiadiazole) (F8BT) contains a fluorine unit copolymerized
with the benzothiadiazole unit as in Figure 2-1(b). Given the highest occupied
molecular orbital (HOMO) and lowest unoccupied molecular orbit (LUMO) to be 5.90
and 3.55 eV respectively, the LUMO level aligns better with cathode work function
[1]. Based on its good electron mobility, FSBT is mainly used as electron-transporting
polymer. It also has a high fluorescence efficiency of 70% ~80%, offering high

fluorescence in  polymer LED structure. Poly(9,9-dioctylfluorene-co-N-(4-
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butylphenyl)diphenylamine) (TFB) is a blue emission material with a HOMO and
LUMO level of 5.35 and 2.3 eV respectively [2], the HOMO level aligns well with the
ITO anode for hole injection. As for most of the polymer materials, its hole mobility is
higher than its electron mobility.

In this thesis, the polymer solution is specified in weight per volume
concentration. A 4ml amber vial (Fisher Scientific 0339111B) with PTFE-lined cap
(Fisher Scientific 0339112B) was used to make the polymer solution in every batch.
The amber vial can protect polymer from decomposition due to the ambient UV light,
and the PTFE is resistant to the solvent for the polymer. To make the solution, the raw
weight of amber vial was first measured on a balance with a precision of 0.1mg, and
then the balance is re-zeroed. The polymer is then added into the amber vial by either
a spatula or tweezers (more convenient for TFB polymer fiber) while the vial is
removed from balance plate, in which way the dropping of polymer out of the vial on
the measuring plate is prevented. Adding or removing polymer from the vial is
repeated until the desired weight is reached. For polymer solution, two kinds of
solvent, chloroform and toluene, are mostly used in this thesis. A 1 ml syringe was
used to measure the solvent with desired amount. The solvent is slowly injected from
the syringe into the amber vial to prevent any splash of either polymer powder or the
solvent. After capping, the vial was vibrated on a mixer (Maxi-Mix [) to fully dissolve
polymer in the solution. The general batch sizes are about 2~4ml. For a 1 inch square
substrate ~0.5ml solution is required for one spin coating. To remove any dust and
impurity in the solution, all liquid solutions are filtered by a 0.2um PTFE filter when

they were dispensed onto the substrates before spin-coating.
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Figure 2-1: Polymer molecular structure. (a) Fluorine unit in polyfluorene. (b)
poly(9,9’-dioctylfluorene-co-benzothiadiazole), F8BT. (c) Poly(9,9-
dioctylfluorene-co-N-(4-butylphenyl)diphenylamine), TFB.

2.1.2 Colloidal PbS Nanoparticles

Colloidal luminescent quantum dots are a branch of nanomaterials synthesized
in solution, and the semiconductor core is capped by a layer of surfactant to ensure
their solubility in solvent. The surfactants stabilize the nanoparticles during their
growth in solution and finally provide these nanoparticles with good solubility in
common solvents.

The synthesis of colloidal nanoparticles generally needs three key components:
solvent, organic surfactant and precursor. To initiate the nanoparticle formation, after
the reaction solution reaches the proper temperature, the precursor is injected into the
solution in a fast manner to ensure all the nucleation happens at the same time to
achieve monodispersed nanoparticles. The precursor decomposes or reacts rapidly in

the solvent at high temperature to yield saturated monomers. The monomers in
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solution quickly undergo nucleation to form nanocrystals, which serve as the seeds in
the following nanoparticle grow process.

The surfactants for nanoparticle synthesis typically contain an electron-rich
donating group such as phosphine, amines and acids, which will coordinate to
electron-poor metal atom at the nanocrystal surface. The other end of solvophilic
group will offer the solubility of nanoparticles in solvent.

Controlling the size of nanoparticles is of great importance as it controls the
quantum confinement effect for nanometer-scaled materials. Since the quantum dots
growth happens in a very fast manner (less than 1 minute) [3], the reaction time is
therefore not a very practical way to control the final quantum dot size. Two factors
can influence the size of nanoparticles: the injection temperature and the ratio between
surfactant and precursor. First, higher temperature results in larger quantum dot sizes
as they are more stable under high temperature conditions. Secondly, high
concentrations of surfactant can effectively reduce monomer nucleation and therefore
reduce the seed concentration. The rest monomer can further supply the growth from
the fewer seeds, resulting in larger quantum dots. In contrast, if the surfactant
concentration is merely sufficient to provide quantum dot stability, the highly reactive
monomer would form a large amount of nucleation sites, resulting in a high
concentrations of smaller nanoparticles in the synthesis solution [4].

The PbS quantum dots used in this thesis are prepared using a slightly
modified method from Hines et al. [3]. The synthesis can be done in a nitrogen purged
glove box or in fume hood with the reaction flask purged with nitrogen gas line
continuously. A typical synthesis procedure for 1050nm emitting PbS quantum dot

includes the following steps. 0.45 g of lead oxide (lead acetate, as the precursor
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providing Pb ion in reaction), 10 g of octadecene (ODE, as solvent) and 1.34 g of oleic
acid (OA, as surfactant) are added to a three-neck flask and heated to 80 °C for 2 h
under vigorous stirring. The reaction flask is connected with a small vacuum pump to
keep the flask in a low vacuum condition to degas the mixture. Then, the temperature
is kept at 120 °C under nitrogen flow for 30 min before a second solution consisting of
105 pl of hexamethyldisilathiane ((CH3)3SiSSi(CHs)3) diluted in 4ml of octadecene is
quickly injected into the reaction flask under vigorously stirring. The solution quickly
changes from clear into dark brown. After the completion of the reaction, the colloidal
PbS nanocrystals are collected by quick injection of the reaction solution into an
excess amount of acetone (with a ratio of 1:4) for centrifugation. To ensure adequate
removal of the reaction solvents, precipitation and re-dispersion are repeated multiple
times. The nanocrystal solution was filtered with 0.2pm PTFE filters.

An IR-26 dye solution with a 0.3 optical density (quantum yield of 0.05%) is
used as reference to characterize the quantum dot quantum yield. The IR-26 dye
photoluminescence spectrum and intensity is measured using Jobin-Yvon iHR320
triple-grating spectrometer. With the same excitation and collection conditions, the
quantum dot solution diluted to 0.3 optical density is measured as well. The quantum
dot quantum yield can be obtained from the ratio of integrated PL spectrum from

quantum dot and dye.

PLin
Nop = Wndye (2-1)
where 1¢p(N4ye) 1s the quantum yield of quantum dot (dye) and PL?,Z (PL?%’: ) is the

integrated spectrum intensity for quantum dot (dye). Figure 2-2 shows the TEM

images of different sizes of PbS nanocrystals synthesized by changing the amount of
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oleic acid (from 1.34 g to 20 g) used in this procedure, and the tunable emission

wavelength from quantum dots with different sizes.
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Figure 2-2: Quantum dot TEM and tunable fluorescence spectrum. (a) 7 nm, (b) 5 nm
and (c) 3.5 nm PbS colloidal nanocrystals observed under TEM. (d)
Lattice structure of a single 3.5 nm nanocrystal under high- resolution
TEM (HRTEM). [2] (e) Tunable emission from different sizes of
quantum dots due to the quantum confinement effect. [5]
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Besides TEM measurements, the absorption spectrum of pristine untreated
quantum dot films can also tell the quantum dot size information by the first
absorption peak position using the following equation [4]:

1

Eo(eV) = 041 + o 7e3d

(2-2)
where E is the first absorption peak position and d is the quantum dot diameter in nm.
To characterize the quantum dot solution concentration, a given solution is
diluted until its absorption does not saturate the UV-Vis spectrometer. The dilution
ratio r is recorded for the calculation. With the solution absorption measurement, the
quantum dot concentration was obtained using Beer’s law (A = ¢ X € X [, where A is
absorption coefficient, ¢ is molar concentration, € is the molar extinction coefficient
[6] at the given quantum dot size and [ is the sample’s path length (10mm cuvette).
The original solution concentration is obtained just by multiply the results with the
dilution ratio r. The molar extinction coefficient &40, at 400nm has a cubic size
dependence [6]:
€400 = (0.0233 £ 0.0001)d3cm™1 /uM (2-3)
where d is the diameter of the quantum dots. This equation gives the most convenient

and accurate way for quantum dot concentration characterization.

2.1.3 Silver Nanoparticle Synthesis

The mono-dispersed silver nanoparticles used in this thesis are synthesized in
organic solvent with oleylamine using a method reported by Hiramatsu and Osterloh
[7]. First, 25mg of silver acetate (Ag(OAc)) is dissolved in 2g of oleylamine. To
facilitate the dissolution of Ag(OAc), a short term low temperature heat or ultrasonic

can be applied on the solution vial. But care needs to be taken to avoid heat or
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ultrasonic the solution for long term. Otherwise the Ag(OAc) will start to decompose
in the oleylamine since the oleylamine not only works as the surfactants but also serve
as the reducing agent for silver acetate to form silver nanoparticles. For synthesizing
9nm diameter nanoparticles, toluene is used as the reaction solvent. The solvent is
heated to its boiling temperature and refluxing with a condenser. After quick injection
of the Ag(OAc) oleylamine (C18H37N) solution into the refluxing toluene, the
mixture slowly turn from transparent to yellow, orange and then dark brown as the
reaction proceeded. Then the heat was kept for 8 hours for reaction to continue. It has
been noticed that shorter reaction time like 2~3 hours results in large size distribution,
while longer reaction time generates nanoparticles prone to aggregate. The reaction
solution is then moved into a clean beaker and left in a fume hood to concentrate to
about 10ml. 50ml of methanol was added to the concentrated solution followed by
centrifuge to precipitate the nanoparticles and remove reaction residues. For the next
round of precipitation, the nanoparticles are dissolved in 10ml of hexane and the
followed by adding 40ml of methanol before centrifuge. After the second time
precipitation, the solid is re-dissolved in Sml of hexane and transferred to a small vial
with known weight measured in advance. The vial was left in fume hood or vacuum
without cap to dry all the solvent. After fully dry of the solid, the net weight of the vial
1s measured again to obtain nanoparticles weight. Finally, the nanoparticle is re-
dissolved with a certain amount of hexane to obtain a desired concentration in the
same vial. Low concentration solution is obtained by diluting from its high

concentration solution.
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2.2 Device Structure

2.2.1 General Device Structure and Design Requirements

Generally, these novel organic and quantum dot materials based devices
consist of a sandwich structure where the thin active films are sandwiched between
two electrodes as in Figure 2-3 (a). These devices are surface emitters, so they require
one of the electrodes to be transparent. In this thesis, indium tin oxide (ITO) is used as
the transparent anode. Recent developments show several promising alternatives for
transparent electrodes like metal oxides [8] , highly-conductive transparent polymers
[9], silver nanowires [10] as well as single-layer graphene [11]. Despite the benefits
from these new transparent materials, these techniques are still not mature and less
accessible. ITO remains the most common transparent electrode and has been used
extensively in industry for liquid crystal display applications. ITO can be deposited
by sputtering on glass or plastic substrate, forming a transparent anode layer. But the
sputtered ITO generally has a surface roughness on the scale of several nm to 10 nm.
The spikes on the ITO surface can create “hot spot” of electrical field which poses a
risk of piercing the device layer [12]. Therefore, a thin conductive polymer layer is
usually deposited on ITO first before any other organic layers deposition. PEDOT:PSS
(poly(ethylene dioxythiophene) doped with poly (styrene sulphonic acid)) polymer
blend is the standard choice to limit the influence of anode roughness because of its
suitable work function and water-based processability. PEDOT:PSS has a work
function of 5.0~5.1eV, slightly higher than the work function of the ITO layer. The
alignment of PEDOT:PSS layer with ITO greatly facilitates hole injection from the
anode. Meanwhile, given the fact that PEDOT:PSS is water based, any additional

polymer layer deposition from organic solvent would not impact the property and/or
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morphology of the PEDOT:PSS hole-injection layer. Deposition of PEDOT:PSS layer
not only renders a smooth surface for the following organic solvent based material
deposition, but also blocks oxygen ions diffusion from the ITO anode to the active
material which causes degradation [13]. The PEDOT:PSS used in this paper is PVP Al
4083 purchased from CLEVIOS™,

(a) Al cathode
8°..8 <4 Electron trans ting laye
o - e sporting layer
° o ol ° Hole transporting layer
Transparent Anode
Glass
Light out
(b) 5 Anode HTL ETL Cathode
= N
b ]
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15 -6 5)

Figure 2-3: Organic light emitting device structure. (a) A sketch of general LED
structure (b) the band alignment with in the structure given in (a).

The active region following PDOT:PSS is the place where charge transport,
recombination and emission take place. The active region generally contains electron-
and hole-transport materials to facilitate the carrier injection into the device as in
Figure 2-3 (b). Since most of the polymers are mutually soluble in common solvents,
fabricating multi-layer structure using polymer materials becomes challenging. Thus,

utilizing the phase separation in polymer blend becomes a convenient way of forming
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bulk heterojunction in polymer optoelectronics devices, and are investigated and
discussed in chapter 3 in this thesis.

But for light emitting device, a layered structure is generally preferred over
bulk heterojunction structure. First, in a layered structure, each carrier transport
material can be placed adjacent to its preferred electrode, forming a continuous carrier
injection path. Then, the electron and hole meet at the center of the device structure so
that the exciton generation region is confined away from electrode where exciton
quenching rate is very high due to the high carrier density and cathode surface
plasmon coupling [14], [15]. For nanoparticles with oleyamine and oleic acid capping
molecule, they can not only dissolve in organic solvent like toluene, but also
dissolvable in non-polar organic solvent like hexane in which polymer have very low
solubility. Therefore, hexane can be used as an orthogonal solvent to deposit
nanoparticle layer on top of polymer layer, forming a real bi-layer structure.

After finishing the spin-coating of active layers, a metal cathode is deposited
on top to inject electron into active layer. As most of this novel solution based
materials have a very low carrier mobilities, a good conduction band alignment
between cathode and electron transporting layer becomes a critical requirement to
ensure good electron injection and reach balanced electron and hole densities. Figure
2-3(b) gives a general band structure alignment in an LED structure. Low work
function metals such as calcium and magnesium are better suited than Al, Ag and Au.
But the chemical reactivity of these alkaline earth metal electrodes reduces the

stability of the devices.
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2.2.2 Device Layout

The substrate consists of a 1 inch square glass substrate and a transparent ITO
layer as the anode, the ITO stripe extending from top to bottom and has a wideness of
Imm or Smm. The active solution processed material covers the whole substrate
surface. The cathodes are patterned as Imm strip conjunct with the ITO substrate, and
the overlap area between cathode and anode defines the active device area as show in

Figure 2-4.

(b)

&lass Sooea——— Al contact

<« A]

e Active layer(s)

\Active region *—'PEDOT:PSS
-~ Glass

ITO

Figure 2-4: Diagram of the device layout. (a) top view through the glass. (b) side
view of each layer in the device.

2.3 Device Fabrication Methods Used in This Thesis

2.3.1 ITO Deposition and Pattering

First, the ITO layer can be deposited on any substrate by radio frequency (RF)
sputtering. If using DC sputtering system for less conductive or insulating target, the
positive charge will build up on the target, which would increase the voltage required
for sputtering. RF sputtering uses alternating potential to avoid the charge build-up,

and therefore is good for sputtering insulator and less conductive materials. For our
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ITO electrode sputtering process, a commercial Denton Vacuum Discovery 18
Deposition System is used, as shown in Figure 2-5. Cathode number 1 indicated on the
machine is used for RF sputtering and cathode number 2 is used for DC sputtering.
We use a 3.0in diameter and 0.25in thick indium tin oxide sputtering target (Alfa
Aesar) for the ITO sputtering. To prevent target fragmentation under high voltage and
high temperature in the RF sputtering process, the target is bonded on a copper

backing plate to enhance the target mechanical strength and thermal conductivity.

Figure 2-5: Denton Vacuum Discovery 18 Sputtering Deposition System

The first stage mechanical pump can pump the chamber vacuum down to 1.5 €
" torr, and next the turbo pump can further bring the chamber vacuum down to 1¢” torr
to le¢” torr if the system is left pumping overnight. After the system reaches the
desired vacuum, a 20 sccm Argon gas flows into the chamber. The chamber pressure
will rise to le”~1e™ torr. For RF sputtering of ITO, we turn on the RF power supply at
100W. Once the plasma is struck, we adjust the RF matching controller to reach
impedance match so that the reflected power read can be as close to OW as possible.

The target is struck for 30-90 seconds before opening the cathode shutter to cleanup
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any contamination on the target surface. In our measurement, 40min deposition
without substrate heating results in a very smooth ITO cover at a resistance of 50~60
Q/o. The surface roughness can be as low as 2~3 nm. To pattern the ITO substrate, a
shadow mask can be placed on glass substrate to form the anode pattern as given in
Figure 2-4.

Some of the devices in the thesis were fabricated on commercial high
conductivity (15-20 Q/o) ITO substrates (CG-61IN) from Delta-technology. To
pattern the glass fully covered by ITO, photolithography followed by chemical etching
is applied. A negative photo-resist (S1813), which provides better resist to following
HCI solution, is used for the photolithography. With the patterned photoresist, the
substrate is immersed in 20% hydrochloric acid water solution to etch away the
exposed ITO. An etching of 30~40min is required for CG-61IN to fully remove the
ITO. After etching, the photoresist can be easily rinsed away by acetone. To
thoroughly clean the substrate and remove any organic residue, the substrate is first
immersed in acetone and ultrasonicated for 10 minutes. After drying with a filtered
nitrogen gun, the substrate is immersed in an isopropanol ultrasonic bath for 10
minutes, and then dried using the nitrogen gun. The patterned substrates were left in a
70°C hot oven for 8 hours to completely remove any residual moisture and solvent

traces.

2.3.2 Spin-Coating

Despite the different active materials used in this thesis, they are all solution
based and are deposited through spin-coating technique. Spin-coating is a low cost and
high throughput thin film deposition method that is widely used in industry. During

spin-coating, the substrate is held on the rotating stage by low vacuum, and the
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material solution is dropped to cover the whole surface of the substrate, then the
rotating stage starts to spin at a speed (200~7000 rpm) and time duration programed
beforehand. During the spinning process, the solution is pushed to the edges of the
substrate. With a fast evaporation of the solvent, the residual polymer forms a thin
layer on top of the substrate. By controlling the solution concentration and spin
coating speed, the final film thickness can be adjusted. For low boiling temperature
solvents (like hexane, chloroform), a spin time of 40~60s was used and for high
boiling temperature solvent (like toluene and water) a spin time of 90~180s was used
to ensure a complete drying of the thin film after spinning. Figure 2-6 shows the spin-

coating process.

Drop solution to fully cover Thin film formation after spin
the substrate

Figure 2-6: Sketch of spin-coating process.

2.3.3 E-beam Evaporation of Al Cathode
DC sputtering and e-beam evaporation can both be used for metal electrode
deposition. With DC sputtering, the metal atom spray generated by plasma gas

bombardment contains high kinetic energies that can bring substantial damage to the
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soft polymer materials. Unstable device current, low break-up voltage and high chance
of device short are observed on devices with sputtered cathode, and much reliable
device performance are observed on devices with evaporated cathode. Therefore, in
this thesis, device cathode contacts are all deposited by e-beam evaporation.

E-beam evaporation is one kind of physical vapor deposition (PVD), which is
commonly used for high quality and controlled thickness thin film deposition. The
evaporation takes place in chamber with high vacuum to remove impurity in air and
prevent reaction of high temperature material with any air composite. A mechanical
pump is first used to bring the chamber vacuum to 10> ~ 107 torr, and then followed
by a cryo pump to bring the vacuum down to 10 ~ 107 torr. Figure 2-7 (a) shows the
sketch of an e-beam evaporation system. Inside the chamber, a boat seated at the
bottom of the chamber containing the deposition material is heated up by accelerated
electron beam to its boiling or sublimation temperature. The vaporized material atoms
travel upwards to the sample substrate, which is facing down and located at the top of
the chamber. The low temperature substrate surface causes the material atom to
condense and accumulate, forming a thin film on top. A shadow mask is covered on
top of the substrate to define the pattern of cathode electrode of the LED device. The
deposition rate can be controlled by the e-beam power. For the thickness control, a
quartz crystal thickness monitor is mounted next to the sample substrate. A source
shutter is used to accurately stop the deposition at the desired thickness. For Al contact
used in our devices, a thickness of 100~150 nm is generally used and the deposition
rate is controlled at 1~3A/s.

The e-beam evaporator in the DuPont Hall cleanroom has a bell chamber,

which can load 16 pieces of 5 inch wafer. The metal of Al (Sigma Aldrich,
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99.9999%), or Ag (International Advanced Materials, 99.999%) or Au (International
Advanced Materials, 99.999%) are loaded into a POCO graphite crucible (13cc or 7cc,
Temescal). Figure 2-7 (b) shows the main chamber of the e-beam evaporator, (c) is the

control panel for vacuum system, and (d) is the deposition system control panel.

Quarte crystal monltor SES:
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Figure 2-7: Diagram of e-beam evaporator system. (a) Sketch of the e-beam
evaporator. (b) the main chamber of the e-beam evaporator (c) the control
panel for vacuum system, and (d) the deposition system control panel.

2.4 Material and Device Characterization Method

2.4.1 UV-Visible Absorption Spectroscopy

Absorption spectrum is a direct method for semiconductor material bandgap
measurement. As for semiconductor materials, when the photons passing through the
sample have an energy lower than semiconductor band gap, the electrons cannot find
an available excited states in the band gap so no absorption occurs. Once the photons

have enough energy to overcome the energy gap in semiconductor, electrons would
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start to absorb these photon and jump into higher energy states in the conduction band.
Therefore, the band gap of a semiconductor material can be determined from the
raising edge in absorption spectrum. Optical absorption is a very useful tool for
nanoparticle analysis, as it can not only give the average size of the nanoparticle from
the main absorption peak, but also identify the film thickness and solution
concentration.

For optical absorption measurements, a tungsten lamp passing through
monochromator illuminates the sample, and the transmission is recorded while the
monochromator scans the illumination wavelength. To remove any effect from the
substrate or solvent, baseline calibration is performed with a reference sample. For
solution sample, the reference is pure solvent in the same cuvette as the sample used,
and for thin film sample a clean substrate without thin film deposition is used as the

reference. The absorbance is calculated from
I
A= —log,T = —logma (2-4)

where T is the transmission, [ is the transmitted light intensity and [ is the transmitted
light with reference sample.

Besides the band gap information, the absorption spectrum can also be used to
determine the quantum dot size and solution concentration as discussed in section
2.1.2 above.

This thesis uses a UV-VIS-NIR spectrometer UV-3600 from Shimadzu for the
absorption measurements on solution and transparent thin films. But since this setup
only measures the transmitted signal, it is not applicable for a non-transparent samples
or samples with strong scattering. For those samples, diffuse reflectance absorption is

measured on a Perkin Elmer Lambda 35 UV-VIS Spectrophotometer. Different from
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the transmittance measurement setup, diffuse reflectance absorption collects the
reflected light using an integrating sphere, so all the scattered light is collected and a
true absorption is deducted from the results. Figure 2-8 shows the configuration for a
diffuse reflectance measurement. The reference sample is obtained by putting a

standard white Lambertian diffusing surface at the sample position.

letector

sample ‘

Figure 2-8: Diffused reflectance absorption measurement setup.

2.4.2 Steady-State Photoluminescence and Electroluminescence Spectroscopy
For photoluminescence (PL), a laser in the range of the material absorption
spectrum is used to excite the sample. The material absorbs high energy photons from
the excitation laser, during which process the electrons are pumped into high energy
levels in the conduction band and then relax to the bottom of the conduction band
through a fast non-radiative process. With a certain exciton lifetime, the exciton
releases a low energy photon and relaxes back to the ground state. The released photon
generally has a lower energy than the actual band gap of the semiconductor because a

portion of the energy is lost to the exciton binding process (exciton binding energy),
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which is especially large in organic materials due to the associated distortion of the
molecule. The photoluminescence spectroscopy can be used not only to determine the
PL spectral shape, but also the relative and absolute quantum yields by comparing the
integrated spectral intensity with a material of known quantum yield, like an organic
dye. To record the spectrum, a Jobin—Yvon iHR320 triple-grating spectrometer
equipped with a Synapse silicon CCD array (for the visible spectrum) and a
Symphony thermoelectric-cooled InGaAs CCD array (for the near-infrared spectrum)
are used. The excitation laser can be a 250mW 532 nm frequency-stabilized TORUS
laser from Laser-Quantum Inc, a CW 405 nm laser diode or a 337 nm pulse UV laser
dependent on the material absorption in this thesis.

For electroluminescence (EL) measurements, the sample is put at the same
position as for photoluminescence measurements so that the maximum coupling
efficiency to the spectrometer can be assured for light collection. Instead of using a
532nm laser, the excitons are generated by current injection. For a device structure
consisting of layers of fluorescent material with different emission spectrum, the EL
spectrum will depend on the place where excitons form and recombine. Therefore, EL
spectrum can provide importance information for device design. Meanwhile, the EL
spectrum determines the color purity and brightness of the device emission.
Luminance efficiency of a device is calculated using EL spectrum as will be
introduced in Section 2.4.8. A Keithley 236 source-measure unit is used to drive the
device electrically.

This thesis also uses a Witec confocal Raman microscope system for confocal
fluorescence measurements. The sample is excited under microscope and the

fluorescence signals are collected by the 100X objective which offers ~300nm spatial
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resolution. The collected signal is coupled to a spectrometer for spectral analysis. This
can allow the detailed examination of phase separation on fluorescent thin films

formed by blended materials.

2.4.3 Time-Resolved Photoluminescence Measurements

Time-resolved PL (TRPL) measurements can yield the exciton lifetime by
using an ultrafast laser pulse to excite the sample and an avalanche photodiode to
detect the emission intensity decay in a certain wavelength window. Using TRPL, the

exciton lifetime can be determined by fitting the exponentially decaying curve.

I = Iyexp(—2) (2-5)

1
ke + ke

T
where 7 is the exiton life time, k,. and k,,,- are the radiative and non-radiative decay
rates.

For time-resolved photoluminescence (TRPL) measurements, excitation at 400
nm is achieved by frequency doubling a Mira-900 laser. The laser pulses are
approximately 150 fs in duration and emitted at a repetition rate of 80 MHz. A pulse
picker is used to reduce the repetition rate for sample excitation to 151 kHz. The
fluorescence signal is detected using a Perkin—Elmer avalanche photodiode with a
PicoHarp time correlated single photon counting system. The spectral bandwidth of

the system i1s 20 nm and the temporal resolution is 300 ps. The time-resolved

photoluminescence data are fitted using the FluoFit analysis software from PicoQuant.
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2.4.4 Transmission Electron Microscopy

Transmission electron microscope (TEM) is used to obtain the image of
nanoparticles and analyze their average size, size distribution and ligand length. TEM
is a microscopy technique using electrons instead of photons for sample observation.
Electrons have a small de Broglie wavelength on the order of tens of pm. This short
wavelength offers electron microscopes much higher resolution than optical
microscopes. In TEM, the electron beam transmits through the ultra-thin sample,
interacts with the sample and is finally projected on an imaging device. Due to the
low penetration depth of electrons, the samples need to be made ultra-thin and sit on
special grids so that the electron can pass through. TEM images are obtained using a

JEM 2010F instrument at an acceleration voltage of 200 keV in this thesis.

2.4.5 Scanning Electron Microscopy

Scanning electron microscopy (SEM) also use electrons as the imaging
medium[16]. Unlike TEM, SEM collects the reflected electrons thus does not require
the sample to be ultrathin. A focused electron beam whose diameter defines the
resolution of imaging is rastered across the sample. The electrons interact with the
sample and secondary electrons are re-emitted with information about surface
topography and composition. SEM can offer a resolution of <Inm to 20nm depending
on the instrument, the energy of the electrons and the electro-optical system. Despite
its lower resolution compared with TEM, SEM can be used to image bulk materials
with no limitation on sample thickness. It is therefore more suitable and convenient for
surface morphology measurements and can be used on organic thin films, which are
difficult to image under TEM due to the low contrast. But using SEM on organic

sample is still more challenging than on high-conductivity samples. Due to the low
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conductivity of organic materials, electron charging on sample surface can reduce the
image contrast. For SEM observation, a relatively thin film is usually deposited on
highly conductive surface like ITO or Al, and a quick scan is performed to prevent
charge accumulation on the thin film’s surface. SEM images are obtained using a
JSM-7400F field-emission SEM instrument operating at an acceleration voltage of 3

kV.

2.4.6 Atomic Force Microscopy

Atomic force microscopy (AFM) is a scanning probe microscopy technique
that measures nanoscale surface morphology based on the atomic force between tip
and sample’s surface. When the tip is in proximity with the surface, the interaction
force will cause a deflection of the cantilever measured by a laser spot reflected from
the top surface of the cantilever into a 4 phase photodetector. A piezo stage moves the
sample in x-y plane to enable surface scan. Due to the rough surface on most of the
sample, there is a high risk of tip-surface collision if it seat at a constant height.
Therefore, the z direction piezo stage with a feedback mechanism is used to adjust the
distance and maintain a constant force between sample and tip. Besides the sample
surface morphology, additional information like local conductivity and thermal
property can be extracted from the sample by using specialized tip.

Conductive AFM is a variation of AFM used in this thesis to measure the local
conductivity in polymer films. A voltage is applied on a tip (ElectriCont-G, Budget
Sensors) coated with platinum. The current flowing through the loop formed by the tip
and conductive samples is recorded simultaneously with the topography of the
samples. Therefore, a correlation between surface spatial features and conductivity can

be obtained.
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The platinum coated on the tip has a high work function, which facilitates hole
injection into the polymer material. The polymer thin film is deposited on an Al
coated silicon substrate, thus the Pt/polymer/Al forms a good band alignment for the
electrons to flow from the Al into the probe, and for holes to flow from the probe into
the samples. This is why a negative voltage is always applied on the sample holder. To
ensure a good contact between the sample holder and Al electrode, a silver paste is
used to connect the Al with the metal sample holder.

Since the voltage induces a high electrical field at the tip contact point with
sample surface, the tip degrades with time due to the accumulation of OH- ion formed
from the ionized water and contaminants on the sample’s surface. The degradation of
the tip will cause low conductivity and low resolution on morphology measurements
after a long period.

In tapping mode AFM, the cantilever is oscillating up and down at a frequency
near cantilever resonance. The oscillation amplitude is in the range of 100nm to
200nm. A feedback servo is used to control the height of the cantilever above the
sample so that the tip is “tapping” the surface at a constant force. Tapping mode can
reduce the damage to the surface and tip compared to contact mode. A Dimension
3100 V (Digital Instruments) is used for the AFM images in this thesis.

Compared with SEM, AFM gives more detailed information and a real 3D
morphology and topographic information of the surface. SEM shows a two-
dimensional image of the sample without the surface roughness range. Meanwhile, for
low-conductivity samples like the polymer and quantum dot thin films in this thesis,
charging can still happen and cause low image contrasts or even damage on thin

polymer films. In contrast, AFM can be performed in atmosphere without vacuum or
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special sample preparation procedures like metal sputtering for low-conductivity
material in SEM. But an AFM scan is generally much slower than an SEM scan and

subject to image drifting for large area scans.

2.4.7 Film Thickness Measurements

There are two instruments that we used to measure film thicknesses: Dektak 11
surface profilometer or tapping mode AFM. To prepare samples for thickness
measurements, the thin films are scratched by a sharp blade to create a clean step on
the film. The film thickness is estimated by measuring the step depth by profilometry
or tapping mode AFM.

The Dektak II surface profilometer measures a step by drags a diamond tipped
stylus across the measuring surface. The surface roughness causes the stylus to move
up and down, which is measured and recorded electrically. The measurement has a
height range of 10 nm to 66um, and a resolution of 10nm.

Tapping mode AFM can give more accuracy and higher resolution (1 nm) for
films with a low thickness. For thicknesses below 50 nm, tapping mode AFM is used
for thickness measurements in this thesis. The details of tapping mode AFM

measurements are introduced above in Section 2.4.6.

2.4.8 Device PIV Characterization

The most basic and important test on a LED is the power-current-voltage scan.
The device efficiency is calculated based on this information. A computer-interfaced
Newport power meter (818-SL/CM silicon detector) and a Keithley 236 source-
measure unit, combined with a 2 inch integrating sphere form the luminance—current—

voltage measurement system. Figure 2 -9 shows the basic setup.
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Figure 2-9: Power-current-voltage measurement setup configuration.

Current-voltage generally follows a power law in semiconductor materials. To
obtain information about the conductivity mechanisms in organic thin films, the IV
curve is plotted in log-log scale. Log-log scale can convert the power law into simple
linear relationships, and the power is given by the slope of the fit to identify the
transport machenisms. A slope n=1 suggests an ohmic conduction, while n=2 is
characteristic of a space-charge limited conduction in organic materials and n>2 is
characteristic of trap-limited conduction [17].

The output power of the device is measured by integrating the total output
intensity through a calibrated integrating sphere. To calibrate the integrating sphere, a
known efficiency white LED is put on the entrance port and the power is measured by
the Newport detector (silicon for visible and germanium for near IR). The power

readout is converted into external quantum efficiency by:
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EQE — Mphoton — power/Ephoton (2-6)

Nelectron 1/q

where Eppoton 18 the known photon energy hc/A in which we use the fluorescence
peak wavelength A4,,, for calculation, I is the current and q is the electron charge.
The measured efficiency is compared with the known device efficiency to obtain the
integrating sphere collecting coefficient. Besides the external quantum efficiency,
current luminance efficiency is also a very important parameter since it reflects the
brightness of the light source to the human eye. The human eye has a sensitivity curve

spectrum shown in Figure 2-10, and it is also known as luminosity function.

Luminasity function

Intensity (a. u.)

400 500 500 700 800
Wavelength (nm)

Figure 2-10: Standard luminosity function [18].

The light source brightness, luminance, is quantified by the unit candela (cd).
To convert the output power (W) into luminance (cd), the following equation is used

[19]:

__ 683.002 780

Iv = —Pout f380 EL(A) X Ephoton(l) X y(/l)dl (2'7)

21
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where [, is luminance in cd, P,,; is the output power in W obtained from the
integrating sphere, y(4) is the standard luminosity function and EL(A) is the measured

electroluminescence spectrum, Epporon(4) is the photon energy at each wavelength,

and EL(A) X Eppoton(4) means the multiplied result is area-normalized so that

f378800 EL(A) X Eppoton(A)dA = 1. EL(A) X Eppoton(A) reflects the spectral power

distribution.

A current efficiency in cd/A is determined by:

Iy

Neurrent = 7 (2-8)
and power efficiency in lumens/Watt is determined as:

_ 2ml,

Npower = W (2'9)
where V is the voltage applied. Power efficiency is more considered in industry since

it reflects the power consumption of the LED at a given brightness.

2.4.9 Mobility Measurements

Organic materials and solution processed thin films generally have a much
smaller carrier mobility compared with crystalline semiconductors. As such,
characterizing the carrier mobility is of significant importance for device engineering,
to achieve high efficiency and to understand underlying physics in these materials.
Mobility is the speed of charge carrier in a material under unit electric field. It reflects
how fast the electron can move around under any driving force. Defect states in
semiconductor materials can reduce carrier mobility by causing scattering or trapping
of electrons.

For inorganic crystalline material, their large mobilities are generally measured

by Hall Effect and conductivity measurements. These techniques are not suitable and
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sensitive enough for low-mobility materials. As such, other techniques are exploited
for these low mobility materials, including time of flight [20], [21], steady-state trap-
free space-charge limited current (steady-state TF-SCLC method) [22], FET method
[23], [24], transient EL[25], [26], and charge extraction by linearly increasing voltage
(CELIV) [27]-[29]. In this thesis, time of flight and CELIV methods have been used
to measure the electron and hole mobilities in quantum dot thin films with different

ligand exchange treatments.

2.49.1 Time-of-flight

Time-of-flight is the most common and simple technique for mobility
measurements in small organic molecules and polymer thin films [30]—[32]. In time of
flight measurement, the thin film is fabricated between two electrodes, one of which is
transparent. Figure 2-11 demonstrates the measurement setup schematics. During the
measurement, a pulsed laser is used to excite the material through the transparent
electrode. The photo-generated carriers located near the transparent electrode will start
to drift towards the opposite electrode under the driving electric field. The applied
voltage dependence needs to be measured carefully. The transparent electrode is held
at a positive potential with respect to the ground for hole-mobility measurements,
while the negative potential is held for the transparent electrode for electron mobility
measurements. The drifting carriers result in a current equal to NeV/d, where N is the
number of charge carriers in the material, e is the elementary charge, d is the film
thickness, and V is the velocity. When the sample is first excited, a current spike is
created due to the large density of carriers. Then, a relatively stable constant current

will be measured as the photo-generated carriers travel through the material. Finally,
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the current will rapidly decrease to zero as the photo-generated carriers all reach the

opposite electrode.
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Figure 2-11: Time-of-flight setup configuration

To clearly identify the transit time t, the excitation laser pulse needs to have a
width shorter than the transit time and the absorption depth should be smaller than the
thickness of the sample. Therefore thick samples (prepared in the range from 2~5 um)
are generally used for time of flight measurements. When the material is not
dispersive, a clear cusp can be seen from the current decay curve as in Figure 2-12(a).

In contrast, for dispersive materials, a definite cusp cannot be observed in the transit
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current plots. In this case, according to Scher-Montroll theory, the transit time t can be

determined from the double logarithmic plot as in Figure 2-12(b).

Photocurrent
Photocurrent

Time Time

Figure 2-12: Transit current profile in time of flight measuremet. (a) Non-dispersive
time of flight measurement current decay curve. (b) Dispersive current
decay curve. The inset shows the logarithmic plot and transit time t
determined by the slope transit.

With the transit time t the mobility can be calculated as:

d2
=%

(2-10)
where V is the constant voltage applied on the sample, d is the sample thickness
measured by profilometer [33].

In this thesis, the 532 nm second-harmonic of a Brilliant Q-switched Nd:YAG laser
(Quantel) with 5 ns pulses is used to excite the samples from the ITO side, while a
reverse-bias is applied on the sample to extract the photo-generated minority carriers
(electrons) to transport through the whole thickness and be collected at Al contact. The

transient current is recorded by the voltage drop across a 200 Ohms resistive load by a

digital oscilloscope (Agilent 54621A).
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2.4.9.2 Charge extraction by linearly increasing voltage (CELIV)

Charge extraction by linearly increasing voltage (CELIV) is a measurement
technique for majority carrier density and mobility. Comparing with TOF, CELIV
does not require a transparent electrode and ultrashort laser pulse. Meanwhile, the
sample does not need to be optically thick thus simplifying the sample fabrication.

CELIV is a method based on equilibrium charge carrier extraction. In CELIV,
a triangular voltage with a linearly increasing edge is applied to the sample. As the

depletion depth increases, the extracted equilibrium charge form a current of: [28]

i) =224 2(1- ) (B —Z_p) @-11)

M 2eg0d

(Detailed derivation and symbol meanings can be found in ref [28].) Figure 2-
13 gives the typical measurement result from CELIV, the conductivity and mobility
can be calculated based on the current intensity j(0) and transient current maximum
delay time tp,,x and Aj/j(0). The conductivities can be calculated directly from the
CELIV measurements using:

_3_d4

T (2-12)
and the hole mobility is calculated according to :
2d?

hp = (2-13)

T aae2 Aj
3Athax(1+0.3655)

where d is the sample thickness, A is the voltage-increase slope. The parameters t, .y,
Aj and j(0) are obtained directly from the CELIV measurements as shown in Figure 2-
13. A linearly-increasing bias is applied by a function generator (Agilent 33220A)
20MHz on the sample and the transient currents are measured by the voltage drop

across a 200 Ohms resistive load by a digital oscilloscope (Agilent 54621A).
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Figure 2-13: CELIV applied voltage and the correspondingly measured current.
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Chapter 3

SOLVENT AND BAKING EFFECT ON POLYMER MORPHOLOGY AND
PLED PERFORMANCE

3.1 Solvent and Baking Effect on Phase Separation in Polymer Blend

Polymer light emitting devices (PLEDs) are steadily attracting more and more
interest both from academia and industry. Despite the successful commercialization of
small molecule organic light emitting device (OLED), PLEDs still remain a much less
mature technology compared to OLEDs. Many fundamental issues at the molecular-
scale are still waiting to be resolved before the successfully building stable high-
performance PLEDs.

Due to the difficulties in fabricating multilayered structure using solution
processed polymer materials, bulk heterojunction structure processed by spin coating
polymer blend solutions is the most commonly-used strategy for polymer
optoelectronic devices[1]-[3]. In the bulk heterojunction films formed by polymer
blend, electron- and hole-transporting material result in thin films with optimized
electrical properties compared to the homopolymer devices. In polymer blend
systems, long polymer chains do not gain enough entropy to yield a negative free
energy of mixing, thus mixing does not happen spontaneously [4]. Therefore, if
enough time is given for the immiscible polymer blend system to reach equilibrium,
the polymer would demix and form separated phases of individual polymers. In a
polymer blend bulk heterojunction device, electrons transport through the electron-

transporting polymer rich domains and holes transport through hole-transporting
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polymer rich domains due to the better alignment with the corresponding electrodes
respectively. Therefore, blend system with electron transporting domains and hole
transporting domains can help carrier balance in devices. Controlling the interface and
phase separation in polymer blend structure is of critical important for polymer blend
based optoelectronic devices. The interface between hole- and electron-transporting
polymers is the place where excitons form in a polymer LED structure. But after
exciton formation, with in the diffusion length of 10 nm [9], [5], if the exciton meet
another interface before their radiative recombination, the potential difference at the
heterojunction interface yields a high probability of excitons breaking into separated
electrons and holes. A tradeoff therefore needs to be considered for the domain sizes
in phase separation. (It generally requires the domain size to be bigger than 10nm for
exciton to have enough time to recombine before reaching another interface).

During the spin-coating process, the solvent evaporates much faster than the
time needed to reach completely thermodynamic equilibrium. The extent of phase
separation in blend thin film structures thus depends on such factors as polymer blend
ratio, polymer molecular weight, solvent properties, substrate surface energy, and
different solubility of homopolymers in common solvents. Among these factors,
solvent vapor pressure is the easiest way of controlling phase separation and has been
widely investigated for use in optoelectronics devices [6], [7]. For solvents like
chloroform and tetrahydrofuran (THF) with low vapor pressure, they evaporate very
fast during thin film formation in the spin-coating process, thus the domains of
individual polymer only have a short time to grow before all the polymers are
solidified in their fixed position. This results in small domain size and low phase

separation of the two polymers. In contrast, for solvent like toluene and p-xylene
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whose vapor pressures are high, they offers a longer time for polymer domain to
develop before film solidification, resulting in large domain size and high phase
separation in the blend structure. The inset in Figure 3-1 shows the morphology of
polymer blend thin films spin-coated from toluene and chloroform solution
respectively. Different degrees of phase separation in blend thin film can be beneficial
for different applications [7]-[10]. For smaller domain sizes, the large polymer
heterojunction interface provides more opportunity for exciton dissociation before
recombines radiatively. This configuration is favorable for photovoltaic applications in
which the excitons need to quickly convert into charged carriers and be collected
through photocurrent. In contrast, large domain size is more suitable for LED
applications because the excitons can have enough time to recombine and emit
photons before dissociating at another domain’s interface. Figure 3-1 shows the PL
quenching in polymer blend compared with pristine F8BT due to the efficient exciton
dissociation at the heterojunctions in the polymer blend. Comparing Figure 3-1 (a) and
(b), the smaller domains in chloroform samples result in stronger exciton quenching
than the larger domains obtained from toluene solution. For this reason, chloroform
with low vapor pressure is generally used for polymer solar cell fabrication since it
can provide rich interfaces for exciton dissociation[1], [11], [12], and solvents like
toluene and p-xylene with high vapor pressure are generally used for polymer LED
fabrication because they offer large domain sizes for the excitons to recombine in the

exciton-acceptor domains [13], [14].
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Figure 3-1: Blended TFB-F8BT polyfluorene-based type-II heterostructures using
different solvents. (a) Fluorescence emission from pure TFB, pure F8BT,
and 1:1 ratio TFB:F8BT blended films obtained from toluene solution.
(b) Same measurements obtained from chloroform solution. The insets
show AFM images of the domain structures in blended films [13], [15].

Figure 3-2 shows the PL and EL of a polymer LED device fabricated from
TFB and F8BT blend toluene solution. The inset gives the blend thin film phase

separation observed using confocal fluorescence measurements.
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Figure 3-2: Bulk heterojunction polymer LED demonstration. (a) Polymer LED
device EL and PL, the insets shows confocal fluorescence images of the
domain structures in blended films. (b) Green-emitting PLED in
operation [13], [16].

Beside the solvent effect, post-spin coating annealing can also alter the film
morphology by providing external energy for the polymer to relax and reach
equilibrium. Thus, annealing can greatly increase the domain size as shown in Figure
3-3 which compares the polymer blend film morphology before and after annealing in

air at 100 °C.
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After Bakin

Before Baking

Figure 3-3: Comparison of the polymer blend film morphology before and after
annealing in air at 100 °C measured under AFM.

3.2 Solvent and Baking Effect on Polymer Crystalline Structure in Thin Film

Many reports have investigated the solvent- and process-dependent PLED
performance to the phase-separation in blend PLEDs [6]. However, another crucial
aspect that also greatly affects polymer LED performance is the polymer chain
alignment and morphology in the polymer thin film. We investigated that this aspect
can be also greatly affected by different solvent property and fabrication processes.

It is well established the electrical and optical property of the PLEDs origin
from the m-conjugation in the polymer chains. Therefore, changes in polymer chain
alignment and morphology will have dramatic consequences on the delocalized
electron state and the carrier transport properties in the polymer. In this section, we
use photoluminescence (PL), electroluminescence (EL), current-voltage (IV) and
conductive AFM (C-AFM) techniques to investigate the chain morphology effects on
polymer thin film transport properties at the submicron scale and demonstrate how it

can be controlled by using different solvent and through annealing.
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Two different solvents were used in our experiment: toluene and chloroform.
Toluene is an aromatic solvent with a benzene ring, while chloroform is a non-
aromatic solvent as shown in the molecular structures in Figure 3-4. Therefore, it
should be expected that different function group in the polymer chain will have
different interaction energy with those two solvents [17]. To avoid the phase
separation effect on the electrical and optical property of polymer thin film and device
structure and only focus on the polymer chain crystalline and alignment, we use a
mono-polymer LED structure. F8BT [poly(9,9'-dioctylfluorene-co-benzothiadiazole)]
is used as the light-emitting polymer. To make the PLED devices, glass substrate was
first covered by a sputtered ITO layer, which offers a 50Q/0 resistance. A layer of
PEDOT:PSS (Clevios P VP Al 4083, H.C. Starck Inc.) was spin-coated at 3000 rmp
speed and 90s time duration on top of ITO as a hole injection layer. F§BT powder
(American Dye Source, Inc.) was dissolved in each solvent in the concentration of
14mg/ml, spin (2000rpm, 60s) on PEDOT:PSS layer as carrier transporting layer and
light emitting layer as well. A 60nm layer Al was finally evaporated on top as cathode.

Figure 3.5 givens the whole device configuration.

I
Ocn—g _Cc|
\
CI™
Toluene Chloroform

Figure 3.4: Molecular structures of the two solvents investigated in this thesis:
toluene and chloroform
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Figure 3.5: Polymer blend LED device configuration.

Figure 3-6 shows the photo-luminescence from polymer in solution and in
solid state thin films spin-coated from toluene and chloroform solution respectively. In
solution, the polymer chains are more isolated from each other, thus the PL peak is
dominated by exciton emission from single polymer chains. In toluene, it is expected
that the polymer backbone formed by benzene rings can be dissolved better in this
aromatic solvent. The backbone forms a shell and leaves the alkyl side chain point
inward as sketched in Figure 3-7 (a). The strong chain deformation in such solvent
leads to a higher internal energy, which is the reason for the blue shift shown in
toluene solution comparing with chloroform solution as in Figure 3-6. In chloroform
solution, the alkyl side chains are better dissolved in the solvent, resulting in more
extended chain morphology in solution. Therefore, the PL peak from chloroform-
based polymer solutions is red-shifted. During spin coating process, solvent evaporate
gradually, leaving the polymer chains aggregate together. The aggregation is indicated
by the more pronounced PL peak shoulder, which is believed to be the excimer formed

in aggregated polymer chains [18]. For the thin films measured right after spin-
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coating, the similar PL spectral shape shows that the two solvents give same extent of

aggregation after forming the solid state thin film.
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Figure 3-6: Normalized PL intensity for polymer in solution and solid state thin film
made by spin coating, no baking was applied [15].
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Figure 3-7: Polymer chain morphology in different solvent. (a) In aromatic solvent,
the F8BT aromatic polymer backbone wrap the side chain inwards (b)
The extended side chain and twisted backbone of F8BT polymer
conformation in nonaromatic solvent. (The molecular structures were
drawn in ChemSketch, this figure is inspired by ref [17].)

However, despite of the similar photo-luminescence peaks, the different IV
curves in Figure 3-8 (a) and the dramatic current increase after baking indicate that
polymer chains form different alignment morphologies in these thin films. For toluene,
although the polymer chain was more aggregated in solution, the conjugated backbone
is left extended, so electrons can transport more easily through this network,
explaining the better transport in toluene thin film. For chloroform-based thin films,
the network formed by non-conjugated side chains results in low device current.
Furthermore, baking process gives extra energy for the polymer chain to re-align and
form domains with ordered crystalline structure. After baking, the EL peak shifted to
longer wavelength as in Figure 3-8 (b), which is a sign of better conjugation. The
current increases for both backed chloroform and toluene samples in Figure 3-8(a).

The red shift is more phenomenal for toluene sample with the backbone connected in
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the polymer network, likely due to a better chain alignment and conjugation compared

to chloroform-based samples, as should be expected after baking.
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Figure 3-8: Device performance comparison under different fabrication conditions.
(a) The IV curves from devices made using the two solvents and
measured before and after baking respectively. (b) The EL spectra from
these four samples [15].

The local transport properties were further examined by conductive (C-) AFM.
It is shown in Figure 3-9 that only baked toluene thin films form conductive channels
under a relatively lower bias. Small domains of high conductivities form in the thin
film, explaining a better electron transport in baked toluene samples. Under the same

bias, other samples did not show conductive channel formation in the thin film.
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Figure 3-9: C-AFM date for the four samples in the experiment. The top row are the
topological images and the bottom row are the conductance images.
From left to right, (a)(e) are from toluene thin film, (b)(f) are from
toluene thin film after baking, (c)(g) are from chloroform thin film, and
(d)(h) are from chloroform thin film after baking [15].

Besides the transport properties, device output power is also an important
parameter to improve device performances. Figure 3-10 shows the output power of the
same four samples in Figure 3-8. Due to the fact that only one polymer is used, device
brightness does not depend strongly on the solvent used, as in the case of blend LEDs
formed by phase separation. However it is clear in Figure 3-10 that baking can greatly

improve the device brightness.
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Figure 3-10: Output power from devices made from the two solvents before and after
baking respectively [15].

As discussed above, baking provides extra energy for polymer chains to
realign and form domains with ordered crystalline structure. These crystalline domains
can be observed under confocal fluorescence microscopy due to their stronger
emission intensity. Figure 3-11 shows confocal fluorescence images of the four thin
films. The crystalline domains with much stronger emission can be observed clearly
after baking for both toluene- and chloroform-based samples. The stronger
enhancement in toluene samples is consistent with the better conjugation seen in the
previously discussed electronic property characterization, and it can be explained by

the fact that the polymer backbone is more favorably dissolved in toluene.
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Toluene Chloroform

Figure 3-11: Confocal fluorescent microscopy images for the four samples in the
experiment. (a)(e) toluene thin film, (b)(f) toluene after baking, (c)(g)
chloroform thin film, and (d)(h) from chloroform after baking. Each scan
area is 10x10 um [15].

We further proved the formation of conductive channels and crystalline
domains in blend thin films fabricated from toluene solution with post annealing.
Figure 3-12 (a) shows the conductive AFM for toluene blend thin film before and after
baking. In polymer blend, baking not only increased the domain size in polymer thin
film, but also creates highly-conductive channels in the current image in Figure 3-12
(d). Meanwhile, domains of strong fluorescence are observed in the confocal

fluorescence measurements in Figure 3-13.
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Figure 3-12: Conductive AFM measurements on polymer blend thin films fabricated
from toluene solution. (a) and (c) are height and current of thin film

before baking, (b) and (d) are height and current of thin film after baking
[15].
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Figure 3-13: Confocal fluorescence of polymer blend thin film fabricated from toluene
solution before and after baking.

3.3 Conclusion

This chapter provides a very important guideline on choosing the solvent and
using a baking process for polymer LED fabrication. The solvents not only control the
phase separation in polymer blend system by their vapor pressure, but the molecular
structure also plays an important factor in forming conjugated polymer chain
morphology. Aromatic solvent can favorably dissolve the polymer backbone instead
of its side chain, thus facilitate the formation of backbone network which offers better
transport and fluorescent property. Both the PL and El spectra changes for polymer
solution and device samples are consistent. C-AFM further confirmed the high

conductive channel formation in baked toluene device.
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Chapter 4

QUANTUM DOT LIGAND EXCHANGE EFFECT IN POLYMER AND
QUANTUM DOT HYBRID STRUCTURE

4.1 Introduction

Colloidal semiconductor quantum dots and m-conjugated organic polymers are
two material systems allowing low-cost solution-based processing. As such, they have
generated a tremendous interest for both the scientific and industrial research
communities. The lowest band edge transition in colloidal quantum dots can be easily
controlled by adjusting the synthesis conditions, offering large tunability [1]. Today,
well-controlled synthesis procedures can provide quantum dots with uniform sizes,
narrow emission peaks and high florescence quantum yields [2]. Recently, the cross-
linking of colloidal dots using shorter molecular ligands further improved the transport
properties and the stability of self-assembled nanocrystalline films [3], [4], allowing
their integration into optoelectronic device structures. Short dithiol ligand exchange is
a simple one step chemical treatment on solid state thin film to remove the long-chain
ligand on quantum dot surface. The long-chain ligand used during quantum dot
synthesis can control growth kinetics, allow for stable colloidal dispersions, and
passivate surface states through the reaction process. However, the presence of these
non-conductive long ligand chains create large barriers for carrier transport in
quantum dot formed thin films, limiting their application for optoelectronic devices.
Short thiolated molecule can exchange these long oleic acids due to the stronger
bonding energy of thiolate comparing with carboxylic acid. The two thiol end of the

short molecule can cross-link neighbor quantum dot, thus reduce the QD to QD spaces
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as shown in Figure 4-1. Small quantum dot space facilitates carrier hopping between
quantum dots, resulting in highly conductive thin films for optoelectronic applications.
However, the cross-linking of quantum dots generally reduces the photoluminescence
quantum yield of quantum dot films by introducing doping and defect states as well as
exciton dissociation between coupled quantum dots [5]. On the other hand, =-
conjugated florescent organic polymers offer high fluorescence efficiency, large
oscillator strength [6], and good carrier transport properties. Combining colloidal
quantum dots with m-conjugated polymers can provide hybrid structures with
enhanced functionalities. Using polymers with properly aligned HOMO and LUMO
levels, hybrid quantum dot-based heterostructures have shown increased performances
for both solar cells [7] and light emitting diodes [8], [9]. In this chapter, the quantum

dot ligand exchanges on glass and on semiconductor polymer are both analyzed.

Figure 4-1: Schematic demonstration of ligand exchange process.
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4.2 Absorption and Dielectric Constant Change on Cross-Linked Quantum Dot
Thin Film

4.2.1 Experiment

Acetonitrile is used as the solvent for small molecule ligands. The 1,3-
benzenedithiol (BDT, 99%, Sigmaaldrich) and 1,2-ethanidithiol (EDT, 98%
Sigmaaldrich) are measured using micropipette, and 0.01M concentration are made
for the ligand exchange. The PbS quantum dots are dissolved in hexane at a weight
concentration of 14 pM for the step by step spin-coating process. The quantum dot
solution concentration was obtained from the absorption measurements using Beer’s
law (A=cxexl), where A is absorption coefficient, ¢ is molar concentration, € is the
molar extinction coefficient [10] and 1 is the sample’s path length). The quantum dot is
first spin-coated on glass at 2000 rpm for 30 seconds, and then several drops of the
dithiol small molecule acetonitrile solution are dropped to fully cover the substrate.
The small molecule ligand solution is left on the substrate for 30 seconds to enable the
exchange process before spin-coating for 30 seconds again at 2000rpm. Finally the
sample is raised with hexane during spinning to wash away any excess of PbS

nanocrystals and ligand residues.

4.2.2 Result and Discussion
For the 1050nm emission quantum dot used, the 1.22 eV absorption peak in
Figure 4-2 (a) yields a quantum dot diameter of 3.4 nm by calculating from equation

2-2,which matches well with TEM measured average size in Figure 4-2 (b).
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Figure 4-2: Quantum dot size determination through absorption peak. (a) Oleic Acid
capped quantum dot film absorption. (b) TEM imaging of the quantum
dots.

The reduced quantum dot space is confirmed by TEM of quantum dot capped
with Oleic Acid, BDT and EDT in Figure 4-3. Comparing with Figure 4-3 (b) and (¢),
the quantum dot gap for BDT cross-linked sample is slightly larger than EDT cross-

linked sample due to their longer molecule length.

20 nm
—

Figure 4-3: TEM image of quantum dot capped with (a) Oleic Acid, (b) BDT and (¢)
EDT [11].
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Figure 4-4: AFM image of as deposited OA capped quantum dot thin film (a), BDT
treated single-layer quantum dot thin film (b) and BDT treated quantum
dot thin film after 3 circle of layer-by-layer deposition.
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Figure 4-5: Cross-linked quantum dot thin film morphology. (a) Cross-section SEM
of layer-by-layer dithiol ligand exchanged thin film, the inset shows the
cross-section confocal Raman spectroscopy on PbS thin film. (b) AFM of
the dithiol ligand exchanged thin film top morphology [12].

In each treated steps, the ligand exchange can results in cracks due to the
significant volume contraction when the bulky oleic acid was replaced by short dithiol
molecule. Figure 4-4 (b) clearly demonstrated the cracks after one layer ligand
exchange. However, the small cracks can be gradually filled by the following layer

deposition during the layer-by-layer ligand exchange process as in Figure 4-4 (c),
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resulting in a pin-hole free and compact nanocrystalline thin film. Figure 4-5
demonstrated the high quality compact quantum dot thin film fabricated from the
layer-by-layer dithiol ligand exchange procedure.

Besides the reduced quantum dot space after ligand exchange from an oleaic
acid to a short dithiol linker, the optical absorption from the treated quantum dot films
is increased significantly as given in Figure 4-6. This absorption increase after ligand
exchange stems mostly from a higher dielectric constant refractive index in the denser
quantum dot films [3]. Using effective medium approximation to simulate the
absorption cross section spectra and the oscillator strength dependence on the inter-
dot separation, we find an excellent match for films of pristine oleic acid-capped over
the whole spectrum, pointing to a dielectric constant of 1.65 for the un-treated film.
For the dithiol-treated films, the model still agrees relatively well with the
measurements and points to dielectric constants around 2.52 for EDT- and 2.43 for

BDT-treated quantum dot films.
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Figure 4-6: Measured and effective medium approximation (EMA) simulated
absorption spectra for oleic acid (OA), ethanedithiol (EDT) and
benzenedithiol (BDT)-capped quantum dot films.

The three component effective medium approximation (EMA) used to

calculate the permittivity of the quantum dot films is given as following [13]:

€ — fchcP?’+f€sAs(1_P3)+Em(1—f) (4_1)
efs fAP3+fAs(1—p3)+1—f

where €., €5 are the permittivities of the bulk core material and shell material
respectively, €,, is for the surrounding media between quantum dots, f is the filling
factor of quantum dots in the film, A, = 3€¢,B, Ay = (€. + 2€,)B, p = :—C, 1. and 75
N
are the radii of core and shell. Here, 7, =1.7nm for the quantum dot core, and B is
given by:

— 3€m
(est2em)(2€s+ec)—2(es—€m)(es—€c)p3

(4-2)
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Using bulk PbS permittivity from ref [14] for €., f = 0.64 due to a random
close packing [15] , while the space between quantum dots are considered to be filled
with ligand molecules so that e = €, is used in the model. The parameters used for
oleic acid (OA), ethanedithiol (EDT) and benzenedithiol (BDT)-treated quantum dot

films in the EMA model are summarized in Table 4-1. From the effective permittivity,

4TtK o ff 1
b

the absorption spectrum can be reproduced by a-1= where K is the

imaginary part of effective refractive index and [ is the film thicknesses, which values
are measured by AFM and given in Table 4-1. Figure 4-6 gives the EMA estimated
absorption compared with the experimental results. Clearly, the EMA predictions
agree well with the experiment for pristine oleic acid-encapsulated quantum dot films.
However, discrepancies can be observed at short wavelengths for EDT- and BDT-
treated films, possibly due to other interactions like inter-dot coupling of higher
excitonic states or introduction of defect states after ligand exchange [3]. However, a
decent match can still be obtained between 400~650nm, covering the fluorescence of
the polymer. Effective refractive indexes of the films as estimated by EMA are also

given in Table 4-1.

Table 4-1: Parameters used in the EMA model.

Meff Keff

(@405nm) (@405nm)
QD-0OA 22 3.0 35 1.65 0.05
QD-EDT 29 1.82 14 2.52 0.23
QD-BDT 2.9 1.9 20 243 0.21
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4.3 Quantum Dot Cross-Linked On Polymer

For quantum dot exchange on polymer substrate, the blue-fluorescence
polyfluorene TFB is used here. The TFB is a typical p-type hole-transporting material
used in polymer LEDs [16] and some hybrid quantum dot-based LEDs [8], [9]. Two
orthogonal solvents are used to form this hybrid bi-layer structure. First, the TFB
polymer is dissolved in toluene (6mg/ml) and spin-coated on a glass substrate at 2000
rpm for 60s. The following quantum dot deposition is the same as in the above section.
Figure 4-7 gives the sample configuration and BDT and EDT ligands used for the

quantum dot layer cross-linking atop the polymer film.

TFB polymer oh_/://:,/://:\—j\_\ -

Glass Oleic Acid (@S N
TFB EDT sk’l PbS QD with ligand

OO0 08 ‘o

My

Figure 4-7: Hybrid bi-layer device schematics and the molecular structure of the TFB
polymer and oleic acid, ethanedithiol (EDT) and benzenedithiol (BDT)
quantum dot ligands.
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Figure 4-8: Absorption (—) and fluorescence (---) of the hybrid polymer-nanocrystal
structure and for stand-alone polymer and quantum dot films. The inset
shows the type-I heterojunction alignment for the hybrid polymer and
quantum dot bi-layer structure based on known LUMO and HOMO
levels for the TFB polymer [17] and for 3.4 nm PbS quantum dot [18].

The film thicknesses are all measured by contact mode AFM. The quantum dot
TEM image is recorded on JEM 2010F instrument operating at 200 KeV. The
photoluminescence are performed using a Jobin-Yvon iHR320 triple-grating
spectrometer equipped with a Symphony thermoelectric-cooled InGaAs detector
collect the near-infrared emission and a Synapse silicon CCD array for the visible. The
excitation is performed using a CW 405 nm laser diode and a frequency-stabilized CW

laser at 532 nm (TORUS from Laser-Quantum, Inc.). Both laser powers are carefully
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attenuated to low levels so that no photobleaching or photo-induced damage can be
sustained during the measurements. Absorption measurements are performed on a
UV-VIS-NIR spectrophotometer (UV-3600, Shimadzu).

The hybrid bi-layer heterostructure shows an absorption spectrum combing the
contributions from both the polymer and quantum dot layers in Figure 4-8.

Firstly, as a control experiment, the possible effect of all the following
chemicals (hexane, acetonitrile, BDT and EDT) on the polymer layer were verified by
looking at the fluorescence intensity and AFM measurements with and without expose
to these solutions. After washing the polymer film by any of these chemicals, no
change whatsoever in polymer film thickness can be measured. Only very small
changes in fluorescence intensity can be seen for EDT, acetonitrile and hexane, but a
30% reduced fluorescence is observed for BDT washed polymer film as seen in Figure

4-9.
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Figure 4-9: Fluorescence of 30 nm-thick TFB polymer films with and without
exposure to acetonitrile, hexane, EDT and freshly-prepared BDT
solutions.
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Figure 4-10: Absorption spectra for oleic acid (OA), ethanedithiol (EDT) and
benzenedithiol (BDT)-treated quantum dots films by themselves and atop
a TFB polymer film.

Figure 4-11 describes the polymer fluorescence and quantum dot emission in
the oleic acid capped quantum dot/polymer hybrid bi-layer structure compared with
the stand-alone polymer and quantum dot films. In Figure 4-11 (a), the sample is
illuminated by a 405nm laser, which is close to the absorption peak of the TFB; and in
Figure 4-11 (b), it shows the infrared quantum dot emission in the hybrid and control
samples under 532 nm excitation, for which the polymer is not excited due to its
higher transition energy. In Figure 4-11 (b) hybrid samples show a near-IR emission
closely reassemble the quantum dot control samples, consistent with a previous report

that no charge separation occurs at a type-I polymer/quantum dot interface[19] . Thus,

110



we can conclude that there is no strong quantum dot fluorescence quenching
happening due to exciton dissociation in this hybrid type-I structure. However, it can
be observed in Figure 4-11 (a) that both the polymer and the quantum dot fluorescence
are quenched for the hybrid bi-layer compared to the control samples when they are
excited under 405 nm. Since the possibility of strong exciton dissociation has been
previously ruled-out, it can be shown that this near-IR emission quenching is due to
the reduced laser light absorption in the hybrid structure. In fact, the films absorptions
given in Figure 4-8 have already demonstrated that the total absorption of the hybrid
sample is lower than the sum of individual quantum dot film and polymer film.
Indeed, we used a multilayer plane-wave model [20]to calculate the polymer and PbS
layer absorption changes in the hybrid structure compared to the control samples on
glass slides. The simulation results are shown as dotted lines in Figure 4-11 and
present the expected fluorescence attributed to the absorption change in the hybrid
sample configuration. In Figure 4-11 (a), the calculated polymer and quantum dot
fluorescence intensities show a relatively good match with the experimental results for
the un-treated hybrid sample, as such, the florescence intensity changes for polymer
and quantum dot in the un-treated hybrid structure comparing with polymer or
quantum dot monolayer thin films respectively are mostly due to change of absorption
in the multilayer structure, but not because of charge separation, charge transfer or

material quantum yield changes.
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Figure 4-11: Polymer and quantum dot fluorescence under 405nm excitation (a) and
532nm excitation (b) for pristine oleic acid (OA)-capped samples. The
inset shows the measurement configuration.

On the other hand, for shorter dithiol ligand-treated dots, a significantly
enhanced near-IR emission is observed when comparing with both the control samples
and the theoretical model based on absorption. The modelling results can still match
with the polymer fluorescent quenching as seen in Figure 4-12 (a) and (c). To
understand the mechanism behind the phenomenal quantum dot enhancement, the
samples are also examined under 532nm excitation. As can be seen in Figure 4-12 (b)
and (d), the high quantum dot enhancements exclude the possibility of energy transfer
from polymer to quantum dot, due to the fact that the polymer is not excited under
532nm laser. As given in Figure 4-8, at 532nm, the absorption of hybrid sample is the
same as thin films of quantum dot alone, therefore, the enhanced quantum dot
fluorescent cannot be attributed to any addition absorption in the hybrid structure.
Despite the fact that the hexane quantum dot solution does not dissolve the

polyfluorene polymer, it can induce swelling of the polymer chain and cause them to
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envelope the adjacent quantum dot. Therefore after ligand exchange, the enveloped

polymer can efficiently passive the quantum dot surface while maintaining their close

coupling as indicated by the redshift of quantum dot PL peak in Figure 4-12 (b) and

(d) compared with Figure 4-11 (b).
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Polymer and quantum dot fluorescence for EDT treated samples under
405nm excitation (a) and 532nm excitation (b), and for BDT treated
sample under 405nm excitation (c) and 532nm excitation (d). The insets

show the measurement configurations.
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4.4  Conclusion

In conclusion, we report large cross-linked quantum dot fluorescence
enhancement by depositing them on a blue polyflurene polymer layer. These boosted
fluorescent quantum yield after dithiol exchange are attributed to increased surface
state passivation due to the envelopment of underneath polymer chain on quantum
dots. A multilayer plane wave absorption model is used to analyze the absorption
changes in the hybrid structures. Good agreements are found for the polymer
florescence quenching and OA-capped quantum dot fluorescence measurements. This
large near-infrared emission enhancement can be highly beneficial for improving
hybrid polymer-nanocrystal light emitting devices. Therefore, short ligand quantum
dot cross-linking on polymer opens an efficient path for improving quantum dot
emission while maintaining their good charge transport property after ligand
exchange, pointing to a new design scheme for hybrid optoelectronic devices such as

LEDs, photodiodes, and solar cells.
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Chapter 5

HIGH PERFORMANCE HYBRID NEAR-INFRARED LEDS USING PBS
COLLOIDAL NANOCRYSTALS

5.1 Quantum Dot LED Structure Review

Despite of the many successful high performance CdSe (CdS or ZnS) core
(shell) visible quantum dot LED structures [1]-[3], the performance and device
structure are still very limited for infrared quantum dot device mainly due to their
lower stability and the long ligands used during synthesis process. The long ligand
molecules around the infrared quantum dot offers quantum dot good stability in
organic solvent, however would hamper the carrier transport through quantum dot
layer. Therefore, multilayered quantum dot structure used in CdSe quantum dot LEDs
cannot be easily adapted into infrared quantum dot device. Two strategies that were
used for infrared quantum dot LEDs are (1) quantum dot dispersed in polymer
matrix[4] and (2) quantum dot monolayer between organic hole- and electron-
transporting layers [5], [6].

Figure 5-1 demonstrates the two configurations used in previous infrared QD-

LED reports:
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Figure 5-1: Device configurations in previous near-IR quantum dot LEDs.

Given the fact that quantum dots and polymers can be dissolved in the same
solvent, the most obvious approach to make quantum dot and polymer hybrid device is
to mix them prior to solution spin-coating. This approach uses polymer and organic
molecule as the carrier transporting materials to overcome the bad conductive
properties of long ligand-capped quantum dots [7]. The quantum dots dispersed
uniformly in the polymer matrix can fluoresce by either carrier injection from the
polymer matrix or exciton energy transfer from the host polymer’s fluorescence. This
last approach offers a simple and convenient way to achieve near-IR
electroluminescence.

However, in previous report which using mono-polymer as the host material,
because the polymer generally only offers good transport for one kind of carriers,
either holes or electrons, imbalanced carrier injection into the quantum dot region
results in low IR emission [4]. But in our electron transport and hole transport polymer
blend host material based quantum dot and polymer hybrid structure, it is noticed that
this configuration still suffers from fundamental drawbacks that limit the device

performance. In quantum dot and polymer blend hybrid structure, not only the
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quantum dot is non-conductive, but the incorporation of nanoparticle in polymer thin
film can also disturb the polymer chain alignment in the thin film, hampering the
transport property of the blend thin film and resulting in device with a low
conductivity and a high turn on voltage. Section 5.2 givens the detailed investigations
of the influences on polymer chain alignment caused by quantum dot incorporation.
The other early approach is shown in Figure 5-1 (b), where a monolayer of
quantum dot is sandwiched by a polymer hole-transporting layer and a small molecule
electron-transporting layer. This structure proposed by Bawendi’s group uses vertical
phase separation to locate the quantum dot on top of polymer during a single spin-
coating process. The following electron-transporting organic layer is deposited using
thermal evaporation method. Due to the low-conductivity nature of quantum dots, a
careful control of the quantum dot concentration is required to produce only mono-
layer of quantum dots because stacked multilayers of quantum dots can significantly
reduce the carrier transport and reduce the device performances. The low
incorporation of quantum dot limits the device’s infrared output power. Meanwhile, a
large portion of visible emission is observed from the device, causing the waste of

injected carrier into visible emission rather than infrared emission from quantum dots

[8].

5.2 Polymer/Quantum Dot Blend Hybrid Structure and Its Limitations

While blend structure offers the most affordable method for hybrid device
fabrication, in our quantum dot and polymer hybrid structure, we investigated the
effect of incorporation of quantum dot in polymer thin film on polymer blend

morphology and polymer chain alignment morphology.
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To balance the carrier injection into quantum dot in the polymer matrix, we use
an electron and hole blend polymer as the matrix material for quantum dot. TFB and
F8BT are dissolved in toluene at a concentration of 24mg/ml respectively. Then the
two solutions are mixed at 1:1 volume ratio to yield a polymer blend solution.
Following the polymer solution mixture, a 6mg/ml quantum dot solution is added with
the same volume as the polymer mixture solution, resulting in a final solution with a
weight concentration of 6mg/ml: 6mg/ml: 3mg/ml for TFB: FE§BT: quantum dot. The
total blend solution is spin-coated on the PEDOT:PSS hole injection layer, and an Al
cathode is deposited on top. Figure 5-2(a) shows the band alignment of the materials
in device. Electrons are injected into quantum dot through the FSBT component in the
polymer matrix, and holes are injected into quantum dot through the TFB hole
transport polymer in the matrix. From this configuration, it is clear that only the
quantum dot located at (or within exciton diffusion length from) the electron and hole
transport polymer interface can effectively accept both electron and hole to emit.
Assuming the quantum dots are distributed homogeneously in the polymer matrix, a
large portion of quantum dot deep inside of each mono-polymer phase would therefore
be inactive. Moreover, the incorporated quantum dot can have detrimental effect on
the device and polymer host material transport property. As in figure 5-2 (b), the
device current level is low due to reduced thin film conductivity, and the device turn

on voltage is above 5V.
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Figure 5-2: (a) Energy diagram for the materials used in the blend hybrid
multilayered LED, (b) the I-V characteristics of blend hybrid device, and
(c) the device electroluminescence [9].

To verify the consequences of the PbS quantum dots incorporation, we used
confocal fluorescence mapping of blended TFB:F8BT films with and without the
colloidal quantum dots. The visible emission intensity maps (collected with a silicon
detector) shown in Figure 5-3 reveal the domain structure for the blended films with
and without quantum dots. The bright regions indicate highly ordered fluorescent
polymer domains. With colloidal dots, Figure 5-3(b) shows significantly smaller
ordered crystalline phase compared with the same blended film without near-infrared

colloidal quantum dots impregnation (Fig. 5-3a).
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Figure 5-3: The consequences of quantum-dot incorporation on blended
polyfluorene-based film structures. Confocal fluorescence mapping of the
domain structure for the same toluene blended TFB:F8BT (a) without
PbS quantum dots and (b) impregnated with PbS quantum dots. The scale
bars are 3 pm [9].

As discussed in chapter 3, polymers thin films are known to consist of
crystalline domains surrounded by amorphous chains. From Figure 5-3, incorporation
of quantum dot reduces the degree of crystallinity and the organization of in polymer

thin film.

In an electrospun polymer nanofiber with nanoparticle incorporation, we
further proved the consequences of nanoparticle on the polymers chain alignment.
Using a split collector during the electrospinning, it is possible to align those polymer
fibers across the collector gap as shown in Figure 5-4 (a). However, the incorporation
of inert silica nanoparticles inside the polymer fibers disrupts this orientational
ordering and yields a randomized polycrystalline structure such as shown in Figure 5-
4 (b). Indeed, the dichroic ratio of the hybrid fiber decreases as nanoparticle

concentration increases. The dichroic ratio of the electronspun nanofiber is measured
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by its interaction with circular polarized light and defined as the ratio of parallel and

perpendicular configuration absorption:

1
Ay _ In(D)y

AL ln(ITO)J_

DR = (5-1)

where A is the absorption measured for orthogonal parallel and perpendicular
polarizations with respect to the fibers axis and is defined as the ratio of incident and
transmitted intensities for both polarizations.

As for the pristine electronspun nanofiber, the well aligned polymer chain in
the fiber axis resulting in stronger absorption in parallel light component, therefore a
high dichroic ratio. Upon the addition of nanoparticles, a significantly reduced
dichroic ratio is observed, indicating that the introduction of nanoparticle perturbs the
orientational ordering of polymer crystalline domains[10]. As being investigated in
chapter 3, the reduced crystalline phase can have very detrimental consequences on
the optoelectronic properties of the polyfluorene-based device architectures
incorporated with high concentrations of quantum dots.

Based on these results, we conclude that incorporation of nanoparticle in
polymer thin film can disturb the polymer chain alignment in the thin film, hampering
the transport property of the blend thin film and causing low conductivity and a high

turn on voltage for device based on blend configuration.
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Figure 5-4: Nanoparticle incorporation reduces polymer chain arrangement in
electron-spun nanofibers. Schematic (not drawn to scale) showing
oriented crystallite arrangement within the fibers without nanoparticles
(a) and with nanoparticles (b). The white spaces between the polymer
crystallites represent regions of amorphous polymer domains. (c)
Dichroic ratio dependence on the silica volume density. [10]

5.3 Bi-Layer Polymser/Quantum Dot Hybrid LED with Ligand Exchange
Quantum Dot Solid Thin Films

5.3.1 Introduction

The synthesis of exotic lead-chalcogenide nanostructures and their self-
assembly into more complex monolayers (2D) and nanocrystalline film structures
(3D) has created an entirely new paradigm in low-cost and high-performance

optoelectronic materials research, largely due to the facile solution-based processing
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and the large versatility of these structures [11]-[13]. Recently, the dithiol-based
ligand-exchange has enabled high-quality self-assembled PbS and PbSe lead-
chalcogenide nanocrystalline film structures [14]. In this ligand-exchange process,
short cross-linking molecules producing strong thiolate group on each end are used to
replace the oleate capping group around colloidal nanocrystals to achieve the cross-
linking of the nanocrystals into films. High structural quality and excellent electronic
transport properties have propelled these self-assembled nanocrystalline lead-
chalcogenide film structures to the forefront of cutting-edge research in the area of
low-cost photovoltaic and photodetector platforms [15]-[19]. Meanwhile, close-
packed and cross-linked CdSe-based nanocrystalline film structures have significantly
improved the performances of hybrid light-emitting diodes (LEDs) for the visible
[20]-{22]. However, very few reports have explored the potential use of dithiol-treated
lead-chalcogenide nanocrystalline films for near-infrared light emitting diodes (LEDs)
architectures. Due to the long oleate capping ligands keeping lead-chalcogenide
nanocrystals stable in solution, previously proposed hybrid near-infrared LED
structures mostly relied on nanocrystals embedded within a polymer host matrix [4],
[23], or on a monolayer of nanocrystals sandwiched between organic carrier-
transporting layers [6] . In these structures, the low density of nanocrystals and the
significant carriers and exciton losses to visible residual emission from the organic
layers severely limit the performances of those near-infrared LEDs [6], [23].
Therefore, introducing highly conductive cross-linked lead-chalcogenide quantum dot
into hybrid device structure becomes a promising approach for near-IR LED

application.
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In this report, we apply a 1,3-benzenedithiol (BDT) cross-linking treatment to
achieve an all-solution, robust, and versatile pathway to produce hybrid polymer-
nanocrystal multilayered-heterostructure LEDs with high near-infrared emission and
no residual visible emission. In our multilayered device architecture summarized in
Figure 5-5, the electron-transporting layer consists of a 100 nm-thick self-assembled
PbS nanocrystalline film cross-linked by BDT ligand-exchange treatment that was
deposited on top of a hole-transporting polymer, TFB, film. The nanocrystalline film
structure is fabricated using layer-by-layer deposition and ligand exchange treatment
to achieve superior structural quality and good charge-transport properties. As we
show, the resulting nanocrystalline film provides an efficient electron-transporting and
light-emitting structure. In contrast, we observed that another popular dithiol molecule
1,2-ethanedithiol (EDT) leads to poor LED efficiencies in the same device structure.
Finally, examining the conductivities and hole mobilities of these dithiol-treated PbS
nanocrystalline films provides a deeper understanding of the intricacies associated
with those two popular yet complex self-assembly processes using EDT [15], [17] and

BDT [14], [16], [19] linkers.
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Figure 5-5: Multi-layered polymer/quantum dot hybrid device structure. (a)
Schematic demonstration of device configuration. (b) Energy diagram
for the hybrid multilayered LED. The HOMO and LUMO levels for the
TFB are obtained from Ref. [24]. The band edges for PbS nanocrystals
are obtained from Ref. [25]. (¢) Cross-sectional SEM image of device
without the top aluminum contact. [26]

5.3.2 Material and Methods

The PbS nanocrystals used in this paper are synthesized using the method
pioneered by Hines et al [27]. The near-infrared LED device consists of a multilayered
structure  using  indium-tin-oxide @ (ITO) as the anode, poly(3.4-
ethylenedioxythiophene):poly(styrenesulphonate) (or PEDOT:PSS) as the hole

injection layer, poly(2,7-(9,9-di-n-octylfluorene)-alt-(1,4-phenylene-((4-sec-
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butylphenyl)imino)-1,4-phenylene)) (or TFB) as the hole transporting layer, cross-
linked PbS nanocrystals as electron transporting and light emitting layer, and
aluminum (Al) as the cathode. To prepare the samples, the ITO substrate (Rs=15-25
ohms, Delta Technologies) is first pre-patterned by photolithography followed by a
wet-etching in 20% hydrochloric acid solution. The substrate is then sequentially
cleaned in de-ionized water, acetone, and isopropanol ultrasonic baths each for 15
min. The hole-injection layer of PEDOT:PSS (CLEVIOS™ P VP Al 4083) is spin-
coated on top of the ITO substrate at 3000 rpm for 90 seconds and then annealed at
135°C for 30 minutes in air. The layer of TFB (American Dye Source, Inc.) is spin-
coated atop the PEDOT:PSS film using toluene solutions with different TFB
concentrations (8 mgeml-1, 12 mgeml-1 and 16 mgeml-1) for thickness optimization.
After annealing at 150°C for 10 min in a nitrogen-purged oven, the TFB film thickness
is measured to be 60 £ 15 nm, 90 £ 15 nm and 120 + 15 nm respectively for the three
concentrations used. Subsequently, a layer-by-layer spin-coating of hexane-based
colloidal solutions of PbS nanocrystals (about 10 mgeml™ concentrations) is processed
directly atop the TFB. The deposition of each layer of nanocrystals includes 3 steps: 1)
spin-coating of the colloidal nanocrystals solution at 2000 rpm for 30 seconds, 2)
Deposition of several drops of the 1,3-benzenedithiol (BDT) acetonitrile solution (0.02
M) to fully cover the substrate, wait for 30 seconds to enable the exchange process
before spin-coating for 30 seconds at 2000rpm, 3) Rinsing the sample with hexane
during spinning to wash away any excess of PbS nanocrystals and BDT residues.
Devices with 2, 4, 6, and 8 layers (with roughly 25 nm per layer) of nanocrystals were
produced using this method to investigate the optimal electron-transporting layer‘s

thickness. Finally, a 150 nm-thick Al cathode is deposited through a shadow mask by
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e-beam evaporation at a rate of 1 Aes-1. No further treatment and/or encapsulation is
performed on the devices. To avoid trapping states formation at the contact between
Al and nanocrystals after long term air exposure [28], all devices are tested within two
hours after fabrication, and no current-drop is observed in this time scale.

The TEM images are obtained using a JEM 2010F instrument operating at 200
KeV. The SEM images are obtained using a JSM-7400F field-emission SEM
instrument operating at an acceleration voltage of 3 kV. Photoluminescence (PL) and
electroluminescence (EL) spectra are recorded using a Jobin-Yvon iHR320 triple-
grating spectrometer equipped with a Symphony thermoelectric-cooled InGaAs CCD
array for the near-infrared and a Synapse silicon CCD array for the visible. For
photoluminescence excitation, we use a 250 mW frequency-stabilized TORUS (Laser-
Quantum, Inc.) laser operating at 532 nm. Electroluminescence excitation is
performed using a Keithley 236 source-measure unit. The device power-current-
voltage (PIV) device characteristics are recorded by placing the device on the port of
an integrating sphere coupled to a Newport IR-818 photodetector. The integrating
sphere 1s carefully calibrated using a lambertian GalnN LED. Absorption
measurements are performed on a UV-VIS-NIR spectrometer (UV-3600, Shimadzu)
and the near-infrared image of the device's emission is collected by Xenicsxeva near-
infrared camera coupled to a 2% magnifier. For the measurement of conductivity and
hole mobility of the PbS nanocrystalline film by CELIV method, the sample consists
of a 250 to 350 nm nanocrystalline film fabricated using the layer-by-layer spin-
coating method sandwiched directly between ITO and Al contact. A linearly-
increasing bias is applied using a function generator (Agilent 33220A) at 20 MHz and

the transient currents are measured by recording the voltage drop across a 200Q
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resistive load using a digital oscilloscope (Agilent 54621A). All measurements are

performed at room temperature.

Figure 5-6: TEM images of quantum dots with different sizes. (a) 7nm, (b) 5 nm and
(c) 3.5 nm PbS colloidal nanocrystals observed under TEM. (d) Lattice
structure of a single 3.5 nm nanocrystal under high-resolution TEM
(HRTEM). [26]

5.3.3 Hybrid Near-Infrared LED Structure With BDT Linker

As shown in Figure 5-7, a TFB polymer-only device with no nanocrystalline
film displays a clear single carrier (hole) trap-limited current regime between 1 and 2
Volts [29], before reaching a quasi space-charge-limited current regime with slope m
~ 2.7. This single carrier behavior is consistent with the large energy barrier between
the HOMO of the TFB and the aluminum cathode for electron injection. For the LED
device using the optimized BDT cross-linked nanocrystalline film structure atop the

TFB, measurements indicate a high current density at low voltages originating from
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the efficient electron injection at the nanocrystal-aluminum junction. As shown in
Figure 5-5(b), the good match between the aluminum cathode’s work function and the
conduction band of the self-assembled nanocrystalline layer offers the convenience of
removing additional electron transporting organic and/or low work function metal
layers in-between. This precludes additional carrier losses and unwanted visible
luminescence, while simplifying the fabrication process and providing better device
stability. At the heterojunction between hole-transporting layer and electron-
transporting BDT-treated PbS nanocrystalline layer, the low LUMO of the TFB
provides a fantastic electron barrier that efficiently confines the electrons within the
PbS nanocrystalline film structure and thus prevents any light emission from the

polymer layer during device operation.
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Figure 5-7: Current-voltage characteristics for the hybrid multilayered LED using a
BDT-treated nanocrystalline film and for a TFB polymer-only control
device. [26]
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In Figure 5-8, we display the external quantum efficiency (EQE) and output
power measurements for devices with different TFB and nanocrystalline film
thicknesses. As shown in Figure 5-8(a), the EQE and output powers of the devices
increase along with increasing the thickness of the hole-transporting TFB layer, while
keeping the same 100 = 15 nm nanocrystalline film thickness. This is consistent with
the dual role of the TFB layer which consists in: (1) providing an efficient electron
barrier to confine the injected electrons at the polymer/nanocrystals interface and favor
exciton binding, and (2) limiting the excess hole-current flowing through the entire
device structure. However, increasing the polymer layer’s thickness also increases the
device's turn-on voltage from about 2V for the 60 nm- and 90 nm- thick TFB films to

3.4V for the 120 nm-thick TFB film.
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Figure 5-8: Electron and hole transporting layer optimization in hybrid device
structures. (a) EQE and emitted power characteristics from samples with
different TFB-layer thicknesses. These identical 100 + 15 nm
nanocrystalline film structures all emit at 1050 nm. (b) EQE
characteristics from samples with different nanocrystalline film
thicknesses using identical 120 nm-thick TFB layer. Each nanocrystal
layer is 25 nm-thick. This group of samples operates at 1150 nm. This
batch of nanocrystals has a slightly lower photoluminescence efficiency
compared with the nanocrystals in (a). [26]

Based on these results, we decided to use a 120 nm-thick TFB layer for the

nanocrystalline layer optimization shown in Figure 5-8(b), as it provides the optimal
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output powers and EQEs. There, multiple spin-coated layers obtained from the same
solution of nanocrystals emitting at 1150 nm were used for comparison. Due to a
lower photoluminescent efficiency of the 1150nm emitter nanocrystals, this batch of
samples has a lower device EQE than the devices in Figure 5-8(a). With each
nanocrystals layer being 25 nm-thick, the EQE peaks with devices using 4 layers of
nanocrystalline film (100 £ 15 nm thick). For thinner nanocrystalline films (2 layers),
the active region is too thin and the metal contact quenching leads to lower EQEs. In
thicker structures (4 layers), the exciton diffusion to the contact is reduced, which
leads to an increase in radiative recombination. Further increasing the thickness of the
nanocrystalline film to 6 and 8 layers results in lower EQEs that we attribute to
electrons trapping in defect states [30] before reaching the polymer/nanocrystalline
film interface, thus reducing the carrier balance in the active region. As shown in
Figure 5-8, this all-solution-processed device architecture can produce 5 mm?” near-
infrared LEDs producing up-to a phenomenal 74 uW output power at 1050nm and
EQE’s up-to 0.72%. Meanwhile, no residual visible emission from the hole
transporting polymer layer is observed, as shown in Figure 5-9(a). Finally, Figure 5-
9(b) shows that near-infrared LED architectures operating at different emission
wavelenghts can be produced using PbS nanocrystals of different sizes, demonstrating

the versatility of this approach.
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Hybrid near-IR device performance demonstration. (a) Visible
electroluminescence spectra from a TFB-only LED and a TFB-PbS
hybrid LED. While some of the near-infrared emission is seen at the edge
of the detection range of silicon CCD array, no TFB emission can be seen
from the hybrid LED structure. (b) Normalized electroluminescence
spectra for LED structures fabricated from nanocrystalline films using
different PbS nanocrystals with emission at 1050, 1350 and 1600 nm
respectively. The narrowing shown on the right shoulder of 1600nm
spectrum is due to InGaAs detector sensitivity cut-off. (c) The infrared
image of the device and (d) the device photograph. [26]

5.3.4 EDT Vs. BDT Cross-Link for LED Application

On the choosing of the best dithiol treatment for the LED structure, we noticed

significant differences between the nanocrystalline film structures obtained using the

BDT-treatment and the more conventional EDT-based cross-linking process. While

the EDT treatment is known to work well for photovoltaic devices [15], [17], [31], it
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consistently provided us with poor near-infrared LED structures. For example, Figure
5-10 (a) compares the power-voltage device characteristic of three identical devices
with EDT-treated, BDT-treated and pristine un-treated nanocrystalline films. It is clear
that the electroluminescence is dramatically lower for the EDT-treated film compared
with BDT in Figure 5-10 (b). In the absorption and photoluminescence spectra shown
in Figure 5-10 (c), the red shifts after both dithiol treatments suggest reduction of
quantum confinement and stronger coupling originating from the reduced inter-
particle distance following both of these dithiol-based cross-linking treatments [15],
[32]. While the three samples have the same number of layers, the photoluminescence
is significantly higher for the BDT-treated film compared with EDT, which is
consistent with the higher electroluminescence consistently observed from the BDT-
treated devices. Estimated using the ratio between the absorption at the excitation
wavelength and the photoluminescence intensities, the relative photoluminescence
efficiency for un-treated, BDT, EDT-nanocrystalline films is 1, 1.3 and 0.15
respectively. This shows clearly that although both BDT and EDT cross-linking result
in nanocrystalline films with better charge transport properties useful for
photodetector and photovoltaic applications [15]-[19] than un-treated quantum dot
film, the distinct improvements in photo- and electro-luminescence efficiency after
BDT treatment suggests a significant reduction of non-radiative recombination

pathways that is crucial for light-emitting applications.
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Figure 5-10: Properties comparison for devices with different quantum dots ligands.
PIV characteristics for un-treated, BDT- and EDT- treated
nanocrystalline device. (a) IV characteristics and (b) Output power-
evolution characteristics. (c) shows the thin films absorption and
fluorescent spectra under different quantum dot ligand treatment. Inset
shows the three thin films before ligand exchanges have comparable
fluorescence intensity. [26]

To further understand the different device performance between BDT and EDT
treatment, the established charge extraction in linearly increasing voltage (CELIV) and
time-of-flight (TOF) methods were used to measure the equilibrium conductivity, hole

and electron mobilities.
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For CELIV measurements, the samples use a 250~350 nm nanocrystalline

films fabricated using the layer-by-layer

spin coating method between ITO and Al

contacts. A linearly-increasing bias is applied by a function generator (Agilent

33220A) on the sample and the transient currents are measured by the voltage drop

across a 200 Ohms resistive load by a digital oscilloscope (Agilent 54621A). The

conductivities can be calculated by using [17]:

3 dAj
T 2tmaxA

(5-2)

and the hole mobility is calculated according to [17]:

2d?

Hph =

= 5
3At?nax(1+0.36m)

(5-3)

]

in the equations, d is the sample thickness, A is the voltage-increase slope. The

parameters t;,.x, Aj and j(0) are obtained directly from the CELIV measurements

shown in Figure 5-11.
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Figure 5-11: CELIV transient currents measurement results. EDT- (a) and BDT- (b)
treated films. In (a), d = 250nm, A = 400KV/s, and in (b) for BDT
sample, d = 320nm, A = 300KV/s. [26]
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Using the measurement parameters given in Fig. 5-11, we obtain 1.56 X
10711S/m and 1.1 X 1073cm?V~1s~1 for the conductivity and hole mobility in EDT-
treated nanocrystalline films and 3.91 X 10713 S/m and 1.4 X 10~*cm?V~1s71 with
BDT treatment.

For TOF measurements, the samples have the same structure as for the CELIV
samples but with a much thicker nanocrystalline layer (1100~1200 nm) formed using
more concentrated quantum dot solutions and more spin-coat cycles (>20). The 532
nm second-harmonic of a Brilliant Q-switched Nd:YAG laser (Quantel) with 5 ns
pulses is used to excite the samples from the ITO side while a reverse-bias is applied
on the sample to extract the photo-generated minority carriers (electrons) to transport
through the whole thickness and be collected at Al contact. The transient current is
recorded by the voltage drop across a 200 Ohms resistive load by a digital
oscilloscope (Agilent 54621A). The electron mobility can be directly obtained as [18]:

d2

e = o (5-4)

where d is the sample thickness, V the applied voltage on the film, T the transit
time obtained from the measurements shown in Figure 5-12. There, we can observe a
shorter transit time for the BDT-treated samples. After inclusion of the different
voltages (15 Volts for the EDT-treated film and 27 Volts for the BDT-treated film)
and film thicknesses (1200nm for EDT-treated film and 1100nm for the BDT-treated
film), into calculation, the resulting electron mobility obtained for the BDT-treated
nanocrystalline  films is 5.6x1073cm?V~1s™? | compared  with

3.3 X 1073cm?V~1s~1 for the EDT-treated film.
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Figure 5-12: TOF transient current measurements for EDT- and BDT-treated films.
Because of the large DC hole current, the voltage applied on the EDT-
treated sample can only go to 15V before it breaks. For the BDT-treated
sample, no clear slope transit point was observed below 27V. This
difference in voltage is accounted-for in Equation (5-4) [9].
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Table 5-1: Comparison of the conductivity, hole- and electron mobilities for EDT-
and BDT- treated nanocrystalline films

EDT 1.56x10"! 1.2x107 3.3x107
BDT 3.91x107" 1.7x10™ 5.6x10°
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Figure 5-13 and Table 5-1 summarized the results above, it appears that: (1) a
lower free-carrier density for the BDT-treated films due to a much lower doping
concentration and a good surface passivation significantly reduce Auger
recombination and other non-radiative processes, (2) when we use the cross-linked
nanocrystalline film as the ETL due to its higher electron mobility than hole mobility,
a much lower hole mobility in BDT than in EDT nanocrystalline film provides a good
mobility barrier that confines hole at the heterojunction interface and favors exciton
binding, and (3) meanwhile, a good electron mobility for the BDT-treated films
improves the electron injection when use it as the ETL, these combined factors explain

the significantly better performances for our BDT-treated LED structures.

5.4 Conclusion

We report an all solution-based processing method producing efficient hybrid
polymer-nanocrystal multilayered heterostructures for light-emission in the near-
infrared (1050-1600 nm), using a carefully-controlled layer-by-layer BDT cross-
linking nanocrystal treatment. After optimization of the hole- and electron-
transporting layers thicknesses to 120 and 100 nm respectively, we obtain near-
infrared LEDs with EQEs of 0.72% and up-to 74 uW output power at 1050nm. The
high near-IR emission and no residual visible emission of this device architecture are
achieved by using a thick cross-linked nanocrystalline film acting both as the electron-
transporting layer and the electroluminescent material. As we show, the good
performances of this BDT-treated LED structure compared with the more
conventional EDT treatment can be explained by the different surface passivations,
doping levels and carrier mobilities resulting from the BDT and EDT treatments. This

facile, robust, low-temperature and substrate-independent all solution-processed LED
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architecture provides a scalable method of producing near-infrared LEDs allowing
integration on flexible substrates and amorphous silicon active matrix backplanes [33].
In the future, this LED architecture could be potentially used for flexible and/or
reconfigurable integrated opto-electronics, biological imaging and sensing, and lab-
on-a-chip platforms [34]. Meanwhile, this approach could also be extended to PbSe
colloidal nanocrystal to further extend the LED operation further in the near- and mid-
infrared ranges. Finally, the large refractive index of these self-assembled
nanocrystalline films also offers the possibility of incorporating electroluminescent

structures onto silicon substrates or within more complex device architectures.
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Chapter 6

HIGH POLYER-LEDS ENHANCEMENT BY EXCITON-PLASMON
COUPLING USING ENCAPSULATED METALLIC NANOPARTICLES

6.1 Introduction

Polymer light emitting diodes (PLEDs) have undergone significant progress in
the past two decades [1]. They became more and more attractive for new generations
of low-cost novel solid state lighting and flat panel displays due to their unique
advantages such as flexibility, large area scalability, high power efficiency and
convenient solution based-fabrication process. Many efforts have been invested in
improving PLEDs performances and device life-times including the synthesis of novel
luminescent materials [2], the use of better multi-layer device architectures [3], [4],
and the integration within hybrid organic-inorganic heterostructures [5], [6].
Maintaining their low fabrication cost is a key factor to allow large-scale PLEDs
integration and mass-production. In the meantime, the particular properties of surface
plasmons (SP) in metallic nanostructures and their interaction with photons and
excitons have been gradually unraveled by the tremendous research interests and
efforts in this area [7]-[10]. Metallic nano-structures have now been widely used to
enhance Raman scattering [7], [8], optical absorption [9], [10] and photoluminescence
of fluorescent materials [11]. The phenomenon of SP-enhanced exciton decay rate has
also been exploited on organic and inorganic material electroluminescence (EL) [11],
offering great promising on improving LED performance [12]-[20].

Surface plasmon modes stem from the collective oscillations of free electrons

in metals. It is well understood that flat metal films placed directly atop a fluorescent
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material quench excitons by causing exciton dissociation and coupling with the
propagating surface plasmon polariton (SPP) mode, which ultimately results in non-
radiative thermal loss in the metal film due to a momentum mismatch preventing
photon emission [21], [22]. Using GaN quantum wells [11], it was previously
demonstrated that two key factors can contribute to switching this metal quenching
into phenomenal metal-enhanced luminescence: 1) having a thin spacer layer between
the metal film and the luminescent material to prevent exciton dissociation, and 2)
using metal nano-structures supporting localized SP modes that can couple with the
photon-emission mode [11]. The enhancement is explained by a high electromagnetic
density of states p introduced by surface plasmons around the metal structure [23],
[24], through which the exciton decay rate is enhanced according to Purcell's theory
[25]. Thus, enhanced electroluminescence using noble metal nanoparticles formed by
vacuum evaporation and thermal annealing has been successfully observed in GaN-
based quantum-well LEDs[12]-[14], Si-based LEDs [15], [16] and small molecule
OLEDs [17], [18]. However, the convenient evaporation and annealing method used
to create uniform layers with large densities of metallic nanoparticles cannot be easily
adapted to polymer-LEDs due to the severe degradation of the conjugated polymers
under high annealing temperatures (250 ~ 1000°C) and the device electronic profile
changes introduced by noble metal nanoparticles. Indeed, the carrier trapping, defect
state and short paths [12], [14], [17] introduced by metallic nanoparticles can be more
devastating in the low-mobility ultrathin polymer device structure. Introducing a
spacer layer into thin PLED structures without significantly increasing the device
resistance or complicating the PLED fabrication process is also a challenge. Chen et

al., who have successfully validated the possibility of SP enhancement in PLED
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structures, applied a special low temperature pulsed laser anode deposition method to
embed silver nanoparticles in a gallium-doped zinc oxide anode layer prior to polymer
spin-coating [26]. Besides the stringent requirements on the anode deposition process,
a very modest enhancement factor of about 2 was achieved, likely due to the large
spatial separation between the SP mode and the exciton formation region in the
polymer film [26]. Meanwhile, colloidal metallic nanoparticles allowing facile
solution processing were used to achieve SP enhancement on small molecule-based
OLEDs by electrostatic absorption into Au nanoparticle layers [19] or through Au
nanoparticles blending into a hole-injecting polymer layer [20]. Comparison between
their results also confirms that high nanoparticle densities can be significantly
beneficial for achieving high SP enhancement [14].

In this chapter, we describe a simple all solution-processed SP-enhanced PLED
structure where we can observe a phenomenal 19-fold luminance enhancement and a
51-fold efficiency enhancement factors by using solution synthesized colloidal silver
(Ag) nanoparticles encapsulated with a long oleylamine ligand. Compared with gold
colloidal nanoparticles, silver nanoparticles offer much higher Q factors, resulting in
high fluorescence enhancement due to their lower Joule loss [11], [17], [27], [28]. In
contrast with evaporation-formed nanoparticles having bare surfaces that can impact
device current flow significantly and thus limit the nanoparticle incorporation density
in LEDs, the long oleylamine capping group around these colloidal Ag nanoparticles
forms a natural spacer layer around each individual particle, preventing significant
carrier trapping and exciton dissociation on the metallic nanoparticles. Large solubility
of oleylamine capped Ag nanoparticle in organic solvent enables direct spin-coating of

the Ag nanoparticles layer on top of polymer film through the use of orthogonal
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solvent. The nanoparticle density can be further adjusted by changing their solution
concentration to achieve optimal Ag nanoparticles incorporation. Time resolved
photoluminescence (TRPL) measurements confirm the reduced exciton lifetimes
following Ag nanoparticles incorporation. We assign the phenomenal enhancement
effect seen in our hybrid PLED structure to a large localized SP mode density, close
exciton-SP distance, as well as suppressed of cathode quenching in this unique device

configuration.

6.2 Experimental Method and Device Structure

The silver nanoparticles are synthesized according to the method reported by
Hiramatsu et al. [29]. First, 25 mg silver acetate (Ag (OAc)) (Sigma-Aldrich) is
dissolved in 1.0 g oleylamine (Sigma-Aldrich) and then the solution is injected quickly
into 25 ml refluxing toluene. After 8 hours reaction, the Ag nanoparticles are then
collected by methanol precipitation and washed twice with hexane. The Ag
nanoparticle solution is finally filtered using 0.2um syringe filter and dried in fume
hood to measure the net mass of nanoparticles obtained, and later re-dissolved in
hexane at different concentrations.

The Ag NP-enhanced PLED structure consists of ITO/PEDOT:PSS
(30£15nm)/F8BT:TFB (90+15nm)/Ag nanoparticles/Al (150+£15nm). The solvent
used for each layer: water (PEDOT:PSS), toluene (polymer blend) and hexane (Ag
nanoparticles) forming an orthogonal system, to preserve a high-quality multilayer
structure during the subsequent spin-coating steps. To prepare the device, the pre-
patterned ITO substrate (Rs=15-25 ohms, Delta Technologies) is sequentially cleaned
in acetone and isopropanol ultrasonic baths each for 15 min. A hole-injection layer of

PEDOT:PSS (CLEVIOS™ P VP Al 4083) is spin-coated on top of the ITO substrate
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at 3000 rpm for 90 seconds twice to form a uniform layer, then annealed at 135°C for
30 minutes in air. The layer of polymer blend is spin-coated atop the PEDOT:PSS film
from toluene solutions of TFB:F8BT (1:1) (12mg/ml wt concentration) (American
Dye Source, Inc.). Subsequently, the Ag nanoparticles are spin-coated directly atop the
polymer layer from their hexane solution. Different Ag nanoparticle concentrations (1,
3, 5 and 7mg/ml) are used to investigate the influence of the Ag nanoparticles density
on device performance. All the solutions used in the fabrication procedure are filtered
with 0.2pm syringe filter before spin-coating. The control samples labeled "Normal
PLED", "TiO, PLED" and "Flat Ag PLED" are prepared following the same
procedure except that the Ag nanoparticles layer is not included ("Normal PLED"), is
substituted by a TiO, nanoparticle (d = 20nm, Dyesol) layer spin-coated from an
ethanol solution ("TiO, PLED"), or substituted by a 4 nm-thick silver film deposited
by e-beam evaporation ("Flat Ag PLED"). Finally, a 150 nm-thick Al cathode is
deposited for all devices through a shadow mask by e-beam evaporation at a rate of 1
Aes-1. The dimensions of the devices are Imm x Smm.

Diffuse reflectance absorption of these devices is recorded on a Perkin Elmer
Lambda 35 UV-VIS Spectrophotometer to measure the absorption peak of the Ag
nanoparticles sandwiched between polymer blend and Al films. Steady-state
photoluminescence and electroluminescence spectra are recorded using a Jobin-Yvon
1HR320 triple-grating spectrometer equipped with a Synapse silicon CCD array. A
337nm UV laser (VSL-337ND-S) is used for photoluminescence excitation, and a
Keithley 236 source-measure unit is used as the electroluminescence power source. A
computer-interfaced Newport power meter (818-SL/CM silicon detector) and a

Keithley 236 source-measure unit, combined with a 2 inch integrating sphere form the
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luminance-current-voltage measurement system. TEM images are obtained using a
JEM 2010F instrument at an acceleration voltage of 200 keV. SEM images are
obtained using a JSM-7400F field-emission SEM instrument operating at an
acceleration voltage of 3 kV. Tapping mode AFM images are obtained on a
Dimension 3100V (Digital Instruments). For time-resolved photoluminescence
(TRPL) measurements, excitation at 400nm excitation is achieved by frequency
doubling a Mira-900 laser. The laser pulses are approximately 150 fs in duration and
emitted at a repetition rate of 80 MHz. A pulse picker is used to reduce the repetition
rate for sample excitation to 151 kHz.. The fluorescence signal is detected using a
Perkin-Elmer avalanche photodiode with a PicoHarp time correlated single photon
counting system. The spectral bandwidth of the system is 20 nm and the temporal
resolution is 300 ps. The time-resolved photoluminescence data are fitted using the

FluoFit analysis software from PicoQuant.

6.3 Silver Nanoparticle-Enhanced PLED

Figure 6-1(a) gives the PLED device architecture indicating the Ag
nanoparticle layer deposited directly atop the polymer film on the cathode side. Given
the band alignment of the device structure shown in Figure 6-1(b), the hole injection
barrier from the ITO side is lower than the electron injection barrier from Al to F8BT,
resulting in a hole dominated current in this simple polymer LED structure and
therefore behaving similarly to a cathode exciton distribution [30]. As such, the Ag
nanoparticle layer's location on the cathode side can not only reduce the separation
between SP mode and electron-generated exciton region to insure a strong coupling,
but it also alleviates Al cathode quenching by preventing the exciton coupling with the

cathode SPP mode. Figure 6-1(c) shows the TEM image of the Ag nanoparticles
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encapsulated with oleylamine and synthesized in toluene solution. The oleylamine
capping group with a molecular length of ~2.3nm [31] offers Ag nanoparticles with a
large solubility in organic solvents. For water soluble metal nanoparticles, the
hydrophobic surface of the polymer film prevents the formation of a complete
nanoparticle coverage due to the de-wetting of aqueous solution on the polymer film
surface [32]. By using organic solution, the SEM image in Figure 6-1(d) shows a
uniform Ag nanoparticles coverage atop the polymer layer with a much higher
nanoparticle density than scattered nanoparticles formed by slow vacuum deposition

method [17], [18].

Al

Ag NPs
Polymer blend
PEDOT:PSS
ITo

Glass

Energy (eV)

Figure 6-1: Surface plasmon-enhanced polymer LED structure. (a) Schematic of the
Ag NP-enhanced PLED device architecture. (b) Energy band diagram of
the device structure. (¢) TEM image of individual Ag nanoparticles. (d)
SEM image of the uniform Ag nanoparticle layer on top of the polymer
film. The inset shows the pristine polymer film where the polymer blend
phase domain structure can be observed. [33], [34]

In Figure 6-2, the diffused reflectance absorptions from the Ag nanoparticles in

the device structures demonstrate that by simply increase the concentration of Ag
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nanoparticle solution used for spin-coating, the density of Ag nanoparticles
incorporated in the device structure can be increased significantly. Meanwhile, it also
shows that the resonance peak of the Ag nanoparticle film is significantly red-shifted
compared with the solution, which is consistent with the dipole coupling between

neighboring nanoparticles in the densely packed nanoparticle films [35].

100 ———7

—— 1mg/ml Ag NPs PLED
— 3mg/ml Ag NPs PLED]]
—— Smg/ml Ag NPs PLED|| 5949
—— 7mg/ml Ag NPs PLED

80 +

Solution
[AY

Reflection absorption (%)

T T T T T T T T T T T T
300 400 500 600 700 800 900
Wavelength (nm)

Figure 6-2: Diffused reflectance absorption of colloidal NPs in the device structure
and photoluminescence of the F8BT polymer. The dotted line shows the
Ag nanoparticles’ resonance peak in solution. The solid lines are the
diffused reflectance absorptions of the Ag nanoparticles spin-coated from
different concentrations of hexane solutions and sandwiched between
polymer and Al films. The dotted line shows the photoluminescence
spectrum for the F8BT polymer. [34]

To demonstrate the Ag nanoparticle enhancement effect, the LED performance
of a group of control devices so-called "Normal PLED", "Flat Ag PLED", "TiO2 NPs
PLED" and "Ag NPs PLED" are compared in Figure 6-3. The "Flat Ag PLED" has a

flat 4 nm-thick Ag film evaporated between polymer and Al cathode. With the high
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work-function of Ag shown in Figure 6-1(b), the thin Ag film increases the electron
injection barrier by 0.6 eV, resulting in a 75% reduction of the current level and a 40%
reduction of the overall current efficiency as seen in Figure 6-3 (a) and (b)
respectively. Clearly, the PLED performance is significantly impacted with the flat Ag
film participating in the current flow and causing electron trapping. In contrast, the
current level in the "Ag NPs PLED" is only reduced by 30% compared with the
"Normal PLED". However, the "Ag NPs PLED" emission is still 9.5 times stronger
than the “Normal PLED”, resulting in a 15-fold current-efficiency enhancement at
14V. The current reduction significantly smaller than the luminescence enhancement
for the "Ag NPs PLED" indicate that the oleylamine capping layer largely prevents the
Ag nanoparticles from causing the severe electron trapping and exciton dissociation
such as in "Flat Ag PLED". Meanwhile, unlike the SPP mode in Ag film which results
in energy loss, the localized SP mode in Ag nanoparticles can efficiently scatter the
coupled energy into photon emission [11]. For the "TiO2 NPs PLED" control sample,
the TiO2 interlayer creates a rough surface morphology at the polymer Al interface
which enhances inhomogeneous local electrical fields and current flow through these
hot spot [32], causing the increased current and luminance in "TiO2 NPs PLED". But
the enhancement on luminescence and device efficiency seen with TiO2 nanoparticles
remains significantly smaller than for the Ag nanoparticles in the “Ag NPs PLEDs”.
The different behaviors between "Ag NPs PLED" and "TiO2 NPs PLED" here
confirm that the enhancement in Ag NPs PLED is not merely due to morphology
change at the cathode interface, but closely relates to the Ag nanoparticles’ SP mode.
Meanwhile, Figure 6-3(c) shows that while the emission intensity is significantly

larger, the electroluminescence’s spectral shape for the "Ag NPs PLED" remains
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nearly identical to the "Normal PLED", and (d) shows the device photos under the

same driving voltage.
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spin-coated from 5mg/ml solutions. The inset shows the normalized
current efficiencies at 14V. (c) Electroluminscence spectra for the Ag
NP-enhanced PLED and the Normal PLED at 10V, inset shows the
spectra in logarithm scale. (d) Device photos under 10V driving voltage.

[33], [34]
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The impact of the Ag nanoparticle density on device performances is also
interesting. While previous reports have shown that increasing the Ag nanoparticle
density can increase the SP enhancement factor on LEDs [18], it is difficult to further
increase the Ag nanoparticles density using standard vacuum deposition methods
without involving high-temperature annealing and/or causing server carrier trapping
[14], [17], [18]. As seen in Figure 6-1(c) and Figure 6-2, the nanoparticle surface
density achieved by spin-coating the colloidal Ag nanoparticle solution is much higher
than for evaporated nanoparticles and it can be easily adjusted by changing the Ag
nanoparticle solution concentration. Figure 6-4 compares the performance of "Ag NPs
PLEDs" with different Ag nanoparticle densities. Figure 6-4(a) shows that while Ag
concentration increases, the current decreases continuously and undergoes a sharp
drop at 7mg/ml devices. The reduced currents are attributed to the low conductivity of
the oleylamine capping group, as well as a certain amount of electron- and hole-
trapping by the Ag nanoparticle layer. But for the luminance characteristics in Figure
6-4(b) and despite a continuously decreasing current measured for increasing Ag
nanoparticle concentrations, the device peak luminance continuously increases up to
3000 cd/m2 for Smg/ml Ag NPs device, and then reduces again at 7mg/ml. The
resulting current efficiencies given in Figure 6-4(c) show the much higher
electroluminescence efficiency for the Ag NPs PLED compared with all the other
control samples. For the 7mg/ml Ag NPs device, the device efficiency remains high
regardless of the reduced luminescence intensity because of the extended exciton-SP
coupling due to the high Ag nanoparticle density. However, the increases Ag
nanoparticle concentration begins to affect the current flow through the thicker Ag

nanoparticle layer, causing the slight reduction of luminance seen in Figure 6-4(b).
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Figure 6-4 (e¢) summarized the luminance and efficiency peak enhancement factor

dependence on Ag nanoparticles concentration.
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Figure 6-4: Ag nanoparticle density optimization for SP enhanced PLED. (a)
Current-voltage characteristics, (b) luminescence-voltage characteristics,
(c) efficiency, and (d) luminescence enhancement factor for Ag NPs
PLEDs with different densities of Ag nanoparticles incorporated in the
device structure and comparison with the normal PLED. (d) summarized
Ag NPs concentration dependence of peak enhancement factors. The
error bars reflect the standard deviations from 5 devices on one
substrate.[34]
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AFM imaging further reveals the surface morphology change with increasing
Ag nanoparticle density. Figure 6-5(a) shows the pristine polymer film imaging prior
to Ag nanoparticle spin-coating, the polymer blend phase separation can be recognized
and causes a surface roughness Ra of 0.88nm. For the 1mg/ml Ag nanoparticle
solution, the nanoparticle density is too low to cover the whole surface, forming island
area on top of the polymer as seen in Figure 6-5(b). This incomplete surface covering
further increases the surface roughness to 1.27nm. However, the film’s peak-to-
peakbottom z height of 14.3nm does not exceed twice the Ag nanoparticle diameter,
indicating that the Ag nanoparticles predominantly form the monolayer so that no
multilayer nanoparticle stack happens at this point. As the Ag concentration increases
to 3~5mg/ml, the nanoparticle concentration becomes high enough to form a uniform
mono-layer of Ag nanoparticle coverage, where the surface roughness is in fact lower
than the 1 mg/ml Ag film due to the formation of a complete Ag nanoparticle
coverage. Then, further increasing the Ag nanoparticle concentration to 7mg/ml
causes Ag NPs clusters in solution and bi-layered nanoparticles film sections are
formed as seen in Figure 6-5 (e), where the surface roughness increases significantly
to 1.51 nm and the image z height reaches 21.1 nm, approximately twice the Ag
nanoparticles diameter. Thus, with stacked Ag nanoparticles, the Al cathode is further
from the polymer film and the holes and electrons from each side have to hop through
the nanoparticle film. The carrier trapping is significantly increased in this situation,

explaining the lower current level at 7mg/ml in Figure 6-4(a).

161



MI Lﬂf" 1w MUW

RaﬂBlm

Rall?m

MW me W w W

Ra=1.51nmi|

Figure 6-5: AFM images and surface roughness information for Ag nanoparticles
spin-coated on polymer film using 0, 1, 3, 5 and 7 mg/ml nanoparticle

solutions. [34]
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Figure 6-6: (a) Luminance intensity comparison for normal PLED, bilayer Ag NPs
PLED and blend Ag NPs PLED. (b) TRPL comparison between a
pristine 90nm F8BT film and the same polymer film with monolayer of
Ag NPs on top. (c) Demonstration of the SP enhancement mechanism.

[33]

Similar enhancement tendencies as the batch in Figure 6-4 are observed from

different batches of samples with 3~5mg/ml Ag nanoparticle concentrations. The peak

luminance enhancement factor always ranges between 7~19, and the peak efficiency

enhancement factor

ranges

between

10~51with 3~5mg/ml Ag nanoparticle

concentrations. Purcell’s theory predictions for a reduced exciton lifetime by coupling
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with localized SP mode can be verified using TRPL measurements performed on pure
F8BT films with a Ag nanoparticles deposited on top [25]. In Figure 6-6, the decay for
the pristine F8BT film demonstrates a mono-exponential decay with an exciton
lifetime T4 of 1.01+0.02 ns, falling in the range of previously F8BT exciton lifetime
measurements of 0.5~2 ns [36], [37]. Using a 70% quantum yield n, for F§BT
fluorescence [36], the exciton radiative rate is then estimated to be k. =n,/1¢ =
0.69 ns”'. Upon Ag nanoparticle deposition, a bi-exponential decay shows up in the
TRPL measurements. Because the FSBT film morphology, and thus the nonradiative
loss mechanisms, remain unchanged by the Ag nanoparticle deposition, the
appearance of a faster decay component (t;) verifies the existence of Purcell
enhancement in the presence of the Ag nanoparticles. We measure t; values of
0.71£0.03ns and 0.47+0.05ns when a single and double layer of Ag nanoparticles are
placed on top of the F8BT. Using kg, = 1/74, the exciton-plasmon coupling rates are
estimated to be ~1.41 ns™' and 2.13 ns™' for samples with one and two layers of Ag
nanoparticles, suggesting high Purcell factors F, = kgp/k, of 2.04 and 3.09
respectively. The Purcell surface-plasmon enhancement factor can be generally
defined as [27]:

Fop = Nsp _ 1+FpCext (6-1)

Mo 1+Fpno

where 75,1 the SP-enhanced quantum efficiency and Cgy; is the scattering

efficiency from localized SP modes into photon emission. As we see, the SP

enhancement not only depends on the Purcell factor F, but it is also depends on 7,
and C,y¢. As such, a condition of 1 < C,,; 1s required to obtain a Purcell surface-
plasmon enhancement factor Fsp > 1. Thus the Purcell effect may not contribute to

polymer photoluminescence due to the high original F8BT luminescence quantum
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yield (70%), but it can show significant enhancement for low efficiency polymer
electroluminescence. In fact, many non-radiative exciton decay paths can dominate the
electroluminescence process, including electron trap-assistant non-radiative
recombination [30], free carrier absorption [38] and cathode metal quenching [21],
[22], which are of little consequences in photoluminescence processes. The high
enhancement factor observed here in electroluminescence is therefore a result of
efficient exciton-SP coupling that competes and dominates over these other non-
radiative recombination channels for electroluminescence measurements. This result
shows that the surface-plasmon mode can effectively overcome some inherent non-
radiative recombination channels in the electroluminescence process and act as a facile
method to improve low-cost PLED performances. There is still large space left for
colloidal metal nanoparticle size optimization [27] and spacer layer synthesize to

further improving polymer-based LEDs.

6.4 Conclusion

In summary, we demonstrate a surface-plasmon enhanced PLED fabricated
using an all solution-based fabrication process. A film of colloidal silver nanoparticles
encapsulated with oleylamine is used as the localized surface-plasmon source, which
significantly increases PLED luminance (up to 19-fold) and efficiency (up to 51-fold).
Here, the oleylamine capping group works as an individual spacer layer to prevent
exciton dissociation and significant carrier trapping in the Ag nanoparticles. By
placing the Ag nanoparticles directly atop the polymer film on the cathode side, the
exciton-plasmon coupling is maximized and the cathode quenching is alleviated. It is

seen that high Ag nanoparticle densities lead to higher enhancement factor due to a
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higher exciton-plasmon coupling rate. Optimized Ag nanoparticle densities
incorporated between the active polymer film and the cathode allow balancing the SP
enhancement and the reduced current injection to achieve luminance enhancement
factors up-to 19-fold and efficiency enhancement factors up-to 51-fold using only an
additional spin-coating. These results suggest that more advanced colloidal Ag
nanoparticle design and synthesis offers a tremendous potential for further boosting
PLED performances. The facile and low-cost solution processibility offered with this
approach could also be easily adapted to other PLED structures for large-scale

fabrication of high-performance PLEDs.
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Chapter 7

CONCLUSIONS AND FUTURE PROSPECTS

Solution processable polymer materials and hybrid light emitting diodes were
recently studied due to many key advantages over conventional inorganic LEDs [1]-
[4]. They can potentially hold the key for next step development of light emitting
diode and applications for displays and light sources. Solution process significantly
reduces the fabrication cost by using spin coating from material solution instead of
crystal growth under high temperature and high vacuum conditions for conventional
inorganic material. The solution processability also makes it possible to fabricate
large-area low-cost electronic devices by inkjet printing. Polymer and hybrid material-
based devices can also be flexible and compatible with different substrates. For
polymer/quantum dot hybrid LEDs, quantum dots offer narrow electroluminescence
spectra, leading to more saturated colors from the device [5]. Meanwhile, quantum dot
device emission wavelength can be tuned by tailoring the quantum dot size without
changing any materials or processes involved in the device structure.

Even with these key advantages, the performance of these novel solution
processable material based devices is still limited by their low efficiency, low
brightness and lower stability compared with their inorganic counterparts.

In the solution based fabrication process, a key component is the solvent used
to mix the active material solution. While the solvent will evaporate during spin-

coating, the evaporation rate and solvent property affect the polymer molecular
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morphology and packing during the spin coating, and change the final device
performance significantly for both polymer blend system and mono-polymer
device[6]. In polymer blend system, the phase separation scale is controlled by the
solvent evaporation rate resulting in large phase domain size with slowly-evaporating
solvents and small domains for fast evaporating solvents. The domain size in polymer
thin film further dictates the exciton’s behavior in the device. The domain interface
can break excitons into delocalized electron and holes. This is why a fast evaporating
solvent producing small domains (i.e. rich domain interface for excitons to break) is
preferred for solar cell applications. Meanwhile, a slowly-evaporating solvent
producing large domains (i.e. less domain interface) is preferred for light emitting
application. Besides the phase separation scale, the polymer chain alignment is also
determined by solvent properties. Using a mono-polymer device, this dissertation
revealed that an aromatic solvent in which the polymer conjugated backbone is more
dissolvable can offer devices with better crystalline domains, which yields good
charge transport and strong fluorescence [6].

Meanwhile, multilayer structure can be enabled in simple spin coating process
by carefully choosing orthogonal solvent system. Indeed, we achieved a true bi-layer
device structure using toluene—based polymer layer with hexane-based for quantum
dot layer. The hexane solution does not dissolve the polymer layer underneath, but
causes swelling of polymer chain at the interface. The swelled polymer chain acts as a
good passivation medium to reduce the density of surface defect states created during
ligand exchange. Therefore, performing ligand exchange on top of polymer layer
creates a quantum dot thin film with high conductive properties and maintains high

fluorescence efficiency due to the passivation of surface states.
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For colloidal quantum dots, the capping ligand is always used to keep the
quantum dots stable and reduce the surface trapping centers. However, different
ligand molecules yield quantum dot thin films with different optical and electrical
properties [7], [8]. This dissertation studied two commonly used dithiol molecules:
ethanedithiol and benzenedithiol on their different impacts on the quantum dot thin
film electronic properties. Despite of similar film morphologies achieved with these
two dithiol exchange processes, the resulting film conductivities and carrier mobilities
are dramatically different. The conjugated benzene ring in benzenedithiol offers the
thin film higher electron transporting mobility and a relatively lower hole mobility
compared with ethanedithiol. Meanwhile, the doping density is much lower for
benzenedithiol treated quantum dot thin film, making them suitable for light emitting
device which requires high quality low doping materials that can reduce exciton
quenching through mid-bandgap states and/or Auger recombination center in highly
doped materials.

In the last part of this dissertation, the potential of using surface plasmons to
enhance electroluminescence device performance is demonstrated. By incorporating
colloidal silver nanopoarticles resonance with F8BT polymer fluorescence, the device
performance is boosted dramatically due to the Purcell effect associated with surface
plasmon coupling. An optimal incorporation density is achieved to balance the
enhancement with charge trapping in the silver nanoparticles.

Organic LEDs for the visible are already positioned to occupy the commercial
market for displays in digital devices. Their EQEs can reach 6.3% with stable
performances under encapsulation[9], [10]. However, for wavelengths above 1pm,

there is a lack of high quantum yield organic molecules or polymer dyes, resulting in
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the best reported efficiency only of <0.3% [11]. Thus the development of near-IR
quantum dots is of significant interest to help fill this vacancy. Compared with the
more advanced visible QD-LEDs which have reached EQEs as high as 18% [12],
near-IR QD-LEDs are still at an early developmental stage. Near-IR LEDs have a
wide range of application including remote controls, night vision displays [5], security
systems as well as biosensing & bioimaging platforms [13]. So far, most researchers
have focused on material innovation and/or changing the shape and shell of the
nanoparticles, but the work on revealing the fundamental physical and electrical
property of quantum dot devices and their working mechanisms has only started to
attract significant interest. This dissertation first discussed the previous literature the
possibilities of applying ligand exchange to improve the near-IR quantum dot thin film
transport properties for light emitting application. Performing the ligand exchange on
a conjugated polymer layer significantly reduced the deep trap surface state formed by
the dangling bonds on quantum dot surface, thus resulting in quantum dot thin film
with good transport properties while maintaining a high quantum yields.

The physics and property of novel organic, polymer and quantum dot materials
remains unknown, therefore, their device design mostly relies on trial and error
processes which are inefficient and involve a lot of labor work. One example of this
lack of understanding on device physics model is the debate on the origin of quantum
dot electroluminescence in LED structures between direct charge injection and energy
transfer from organic carrier transporting layer. This lack of a good device physics
model would become the biggest obstacle for further device development and it has
already started to raise a lot of attention recently. In the following section, I will

discuss several strategies aiming to improve our quantum dot LED performance.
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Novel material for device structure innovation: The low electron mobility of

quantum dot thin film still limits the use of it as the electron injection layer. Recently,
colloidal ZnO and TiO, nanoparticle were demonstrated to be good electron-
transporting materials for solution processed light emitting devices[12], [14], [15].
Incorporating metallic nanoparticle layers can increase electron injection efficiencies
more efficiently than organic layer or cross-linked quantum dot layer. Meanwhile,
besides the dithiol molecule used in this dissertation to cross-link quantum dot for
device application, other ligand exchange molecules or methods worth further
investigation to improve the carrier transport in quantum dot thin films while passivate
the surface states.

Deep analysis of band alignment in quantum dot LED structures: An accurate

band diagram of the device structure is the key to understand, design and optimize the
device property and its performance. Most of the device band diagrams are drawn
based on the measurement results from individual component respectively. However,
it is suggested from recent study that the QD conduction and valence band can shift
upon mixing with polymer matrix[16]. Thus, it is critical to understand quantum dot
band structure especially at the quantum dot/organic interface.

Applying surface plasmon coupling to enhance device performance: Localized

surface plasmon in metal nanostructure has been shown to enhance quantum dot
photoluminescence. This dissertation also demonstrated the significant enhancement
of PLEDs’ electroluminescece by incorporation silver nanoparticles. In fact, colloidal
nanoparticles have already been used on visible quantum dot LED and enhanced the

EL intensity by 71% [17]. However, optimized conditions are still not fully
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investigated in this field. Meanwhile, it is of interest to see if these mechanisms can be
applied to near-IR quantum dot LED.

Exploiting the energy transfer between organic materials and quantum dots: A

lot of the quantum dot device structures involve organic material with strong
fluorescence. Nevertheless, organic materials remain used mostly as charge transport
layers in hybrid optoelectronic device architectures, where their high luminescence
efficiency is unexploited. In hybrid quantum dot-based LEDs, high polymer emission
residues observed at high driving currents due to the incomplete energy transfer
observed between organic material and colloidal quantum dots can significantly alter
the color purity of the hybrid LEDs [18]. Therefore, a low quantum yield polymer like
poly-TPD is usually chosen to minimize this emission residue [4], [14], [19]. Since
both colloidal quantum dots and m-conjugated polymers are strongly luminescent
materials, a better understanding and control of the energy transfer between these two
material systems is much desired to exploit the full potential that low-cost hybrid
heterostructures can offer for light emitting, solar cell and laser applications.

In the last but not the least, device lifetime and stability is an important aspect

that determined the application and commercialization of the device: With the

development of organic LEDs, their degradation mechanisms become better
understood and good encapsulation techniques have been developed. These techniques
provide a good platform for quantum dot devices, but a good understanding of
quantum dot fluorescence decay and a thorough investigation of device lifetime is still
lacking. This step would eventually determine the commercialization and practice

application of these novel hybrid material-based devices.
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