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ABSTRACT

Organic light emitting diodes have undergone rapid advancement over the course of the
past decade. Similarly, quantum dot synthesis has progressed to the point that room
temperature highly efficient photoluminescence can be realized. It is the purpose of this
work to utilize the beneficial properties of these two material sets in a robust light
emitting device. New deposition techniques are necessary to the realization of this goal,
enabling QD organic hybrids to be created in a quick and reliable manner compatible
with known device fabrication methods. With these techniques, quantum dot light
emitting devices are fabricated, measured, and analyzed. The devices are of high
efficiency and color saturation, and provide us with a test bed for understanding the
interactions between inorganic QDs and organic thin films.
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1 Introduction

1.1 Thesis Overview
In this chapter, the history of light emitters and their applications is reviewed in

order to motivate the creation of quantum dot based light emitters. This includes a
synopsis of organic light emitting device structures and operation, description of quantum
dots as a novel material, and the pre-existing deposition techniques available for both of
these material sets. Chapter 2 outlines the structure of our integrated materials growth
system which enabled the fabrication of hybrid devices of these two materials. Chapter 3
discusses the design of quantum dot light emitting devices (QD-LEDs). Chapters 4 and
5 then discuss two new fabrication methods that were invented in order to realize these
device designs. Chapter 6 analyzes the resulting device performance and investigates the
physical processes underlying QD-LED operation. The final sections of the thesis
analyze the commercialization potential of QD-LED technology, discuss future avenues

of research and the new opportunities stemming from the projected developments.

1.2 Pre-history of the light emitting device

Light emitting devices have existed in one form or another since the year 1800
when Humphry Davy experimented with electric batteries, some wire, and a piece of
carbont). Over the next 110 years, what eventually became known as the incandescent
light bulb was improved upon until it was in a form much like the light bulbs we still use
today. It was this basic invention that converted lighting from a chemoluminescent based
approach, i.e. chemical energy in => light out, such as candles, to an optoelectronic
approach, i.e. electrical energy in = light out. The implications of this paradigm shift

were impossible to recognize at the time, and are largely taken for granted today. The
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indoor light bulb was the ‘killer app’ that drove the distribution of electrical power into
every home in the developed world (one could argue that a ‘developed country’ is
defined by the presence of distributed electrical power) in much the same way that email
drove the distribution of the internet into our homes. Light bulbs, and by extension light
emitting devices, have played a critical role in defining the world’s technologies and
economies. Figure 1-1 shows artificial lighting as imaged from space, demonstrating the

connections between lighting and human population.

Figure 1-1: Satellite photography of the world during nighttime hours. Bright spots indicate the
prevalent use of artificial lighting.

Since 1910, the development of new light emitting device technologies resulted in
the advent of fluorescent lighting, inorganic semiconductor light emitting diodes, and
most recently organic light emitting devices'”. Overall, generation of light is estimated
to consume between 20 and 30% of the world’s electrical power, emphasizing the large
positive impact the development of new and efficient light sources could have. What was
a “killer app” in 1900 remains one to this day. Remarkably, the incandescent light bulb,
modified in only small ways since the year 1800, is still the dominant lighting technology

in indoor, residential lighting applications due to its color quality. Tailoring the emission
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spectrum to match that of a black body emitter has been the dominant challenge of the
emerging lighting technologies.
1.3 Applications of light emitting devices

General lighting is not the only application of light emitting devices. Television
displays and indicator lights are also major applications which require an input of
electrical energy to be converted into light output. While incandescent bulbs could meet
the needs of indicator lighting, a different technology was required to produce a
television screen, as a two-dimensional array of emitters is required. This array must be
individually addressable, so that an image can be produced. The image dissector device,
later renamed the iconoscope and eventually cathode ray tube (CRT) television, solved
this problem®. By steering a single beam of electrons across a fluorescent surface faster
than the human eye can perceive, a two-dimensional image is produced. Development of
long-lasting, bright and efficient three color phosphors enabled the color television to
become dominant in this application space.

Such CRT based TVs met the need of consumers for generations, and it was not
until the advent of personal computers that there was any real need to develop an
alternate technology. Computer display monitors initially had very similar specification
requirements to TVs, and as such CRTs were the dominant technology for this new
application as well. However, as the semiconductor industry made computers that were
more and more powerful in smaller and smaller packages, the idea of a portable computer
became viable. Soon it was the CRT monitor that was the most cumbersome portion of a
computer, both in volume and weight. Logic devices and information storage had moved

from discrete filamentary devices (vacuum tubes) to integrated solid state devices with
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the advent of solid state semiconductors. A similar step was desirable in the realm of
display technology, consumers now demanded a technology to enable the creation of flat

panel displays, or FPDs.

1.4 Liquid Crystal Displays
Since the 1970’s the dominant FPD technology has been liquid crystal displays

(LCDs). This thin film device functions as a voltage driven light valve, allowing light to
pass or not depending on the voltage applied across the cell. The light itself is produced
by what is essentially a fluorescent light bulb. For the past 20-30 years, LCD technology
continues to improve, driven by a strong consumer demand for such portable displays.
While other technologies have been promised, few have succeeded in competing with
LCDs in the open market. Today, the FPD industry has a market size of roughly $35B,
and LCDs account for 87% of this total revenue. Other technologies such as plasma,
organic light emitting devices (OLEDs), and vacuum fluorescence comprise the rest of
the market.

Liquid crystalline materials were first discovered in 1888, by Austrian botanist
Friedrich Reinitzer'”. Reinitzer observed that when he melted a particular cholesterol-
like substance (cholesteryl benzoate), it first became a cloudy liquid and then cleared up
as its temperature rose. Eighty years passed before RCA made the first experimental LCD
in 1968. Since then, LCD researchers have steadily developed ingenious variations and
improvements on the technology, taking the LCD to amazing levels of technical
complexity and performance.

Liquid crystals occupy a state that is between that of a crystalline solid and an

isotropic liquid. They exhibit fluidity, but maintain a high degree of order. This
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intermediate phase is called a mesophase, and compounds that exhibit this phase are
called mesogens. Being fluid, LCs change their shape in response to an electric or
magnetic field."”) LC molecules can also be designed to have a large anisotropy in their
permittivity. The collective order of these molecules with high anisotropy gives rise to
rotations in the polarization of light passing through a cell of LC. This controlled rotation
is switched on and off by application of electric field across the LC cell, and since the cell
is sandwiched between polarizers, only one of these two states is light conducting, i.e.
‘on’, the other being light absorbing ‘off’. Any transmitted light then passes through the
color filter array, creating the sub-pixilation required for a full three color display
technology. Clearly, spectrally broad band filters have higher throughput of light, but
this is traded off against the resulting reduction in color saturation.

A cross section of a typical LCD cell is shown in Figure 1-2.

LCD

Back-light (LED, Optical waveguide)

Polar screen

Glass substrate

Liquid crystal | [Ruibewamin SRl st ;
material \ Clear electrode
\w\ Directing film
/\ ) 5:5:55
s 7 Directing film
st ) Clear electrodg“ _

Glass substrate

Color filter

Polar screen

Source: Mizuho Securities Equity Research
Figure 1-2: Cross-section of a typical liquid crystal flat panel display. Light is generated by the back
light unit (which is usually cold cathode fluorescence based) and is polarized before passing into the
optical switching (liquid crystal) cell itself. The liquid crystal is oriented by two directing films
(rubbed polymer layers), and then any transmitted light is partially absorbed by the color filter layer
to allow for the definition of sub-pixels (red, green, blue).
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1.5 Inorganic light emitting diodes

Inorganic light emitting diodes or (ILEDs) are also an important background
technology to this work, because of their use in numerous applications. ILEDs are
devices fabricated by epitaxially growing single crystals of inorganic semiconductors on
top of a lattice matched crystal. Because of the material perfection inherent to these high
purity, single crystal structures, they are highly stable structures capable of very high
performance: ILEDs can be extremely bright, efficient, and stable emitters of light at
many wavelengths of interest. However, ILEDs have been limited to point source
applications due to the cost of producing such emitters. (An exception to this is
extremely large area billboard displays, where it becomes cost effective to have >10m
long arrays of ILEDs packaged adjacent to each other.) Indicator lights, backlights for
small area LCD FPDs, and in the near future general lighting are all applications where
ILEDs are useful.

The simplest structure of an ILED is a p-n diode of direct band gap 1I-VI and II1-V
inorganic semiconductors such as CdSe, and GaAs respectively. The p-type material is a
crystalline inorganic semiconductor that is doped to have a high concentration of positive
mobile charge carriers, while the n-type material has excess negative charge carriers.
Under forward bias these free charge carriers undergo a net motion due to both drift and
diffusion. Motion of electrons in a periodic lattice is a well understood phenomenon that
we will not detail here. The result is that some minority charge carriers are injected into
the region of the crystal where there is an excess of majority charge carriers, giving rise
to a probability that the two charge carriers will recombine, resulting in the emission of
light!®. The light emitted will be at the energy of the band gap of the material, and thus

tertiary and quarternary semiconductors can be used to gain access to a wider range of
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emission wavelengths. However, the need to grow epitaxial layers does limit the range of
semiconductor combinations that are compatible with cach other. For most relevant
inorganic semiconductors, the binding force between the electron and hole is lower in
energy than kgT at room temperature, and thus the concept of the e-h pair first forming an
exciton before recombining is not operative. This is an important distinction between the
radiation processes of bulk inorganic semiconductors and that of quantum dots and

organic semiconductors.

1.6 Organic light emitting devices
In 1987, both ILEDs and LCDs were far less sophisticated then they are today. It

was still unclear to what extent their cost could be driven down, and their performance
improved. At this time, researchers at Kodak released papers on both light emitting
devices'? and solar cells!”! utilizing amorphous films of organic small molecules. The
potential of this technology was apparent— the performance of these initial devices was
high (close to 1% LED external quantum efficiency, and 1% solar cell external power
conversion efficiency), and the materials did not require the expensive growth techniques
inherent to any crystalline material set.

Since these initial works, much work has focused on the use of organic materials
for optoelectronic applications. Optically pumped lasers™ and efficient photodetectors™
have been created, and OLEDs can now be realized in their transparent[m], flexible!',
metal-free!', or phosphorescent[”] forms. Parallel work on polymeric materials'¥ has
led to similar performance of polymer OLEDs. The research efforts have been devoted

to enhancing the performance of OLEDs!"! by increasing their efﬁciency[w"lg]

narrowing!'® or broadening™” their emission spectra, polarizing their emission*'’,
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(24, 25]

increasing the device lifetime® **), lowering operating voltages , understanding the
g g0p g g g

[27-29]

basic physics of how they operate[26], and developing new means of depositing and

patterning"”! these novel materials.

Concurrently with all of these research advances, organic materials have also been
introduced into the commercial sector. OLED displays are available on commercial cell

311 Full color flat panel polymeric OLED

phones, car stereos, digital cameras, and PDAs!
displays with an up to 40 diagonal have been demonstrated, though they are not yet
available for commercial consumption. It is clear that commercial organic
optoelectronics will be widespread in just a few years time. While these initial
commercial displays have external quantum efficiencies (EQE) of near 1%, laboratory
pixels have been demonstrates with EQE of ~20% corresponding to an internal quantum

efficiency of ~100%!"*!. Table 1-1 compares the operational performance of OLED

displays to those of LCDs.

Qrganic EL Qrganic EL Lo [Meie] LCo Lco (K o]
Low meolecular  High melecular Ces Low-temparature Amorphous STN FS
polysilican

Zinch 2inch Zinch Zinch Zinch 2inch 2inch
Brightness Good Good Very good Very good Wery good Good Very good
(i) 100 120 150 150 150 100 150
Contrast “ery good Very goad Good Good Good Average Good

500: 1 500:1 300:1 300:1 300:1 301 150:1
High- definition Good Average Very good Very good Average Poor Very good

QVGA QCIF QVGA QVGA QCIF QciF

VGA NGA
(ppi 180 130 200 200 200 180 150
-300 -300
Golar reprodu cibility Gaod Uncenain Average Average Average Poor Yery good
(%) 60-70 30-40 30-40 30-40 20-30 90-100
Response speed Very good Very good Good Good Good Poor Good
(ms) +0.01 -0.01 2025 20-25 2025 100-200 03-13.5
Thickness Very good Very good Goad Good Good Poor Good
(mm) 1520 1.52.0 3.035 3.0.35 4.0-5.0 3550 3040
Paower cansumption Average Very good Averape Average Good Good Good
(W) 270 150 250 250 180 180 180
Life Ayerage Poor ‘Very good Very good Wery good \Very good Very good
(hr) 8,000 1.000 50,000 £0,000 50,000 50,000 50,000
Source Mizuno Securities Equity Research
Table 1-1: Comparison of specifications of OLED and LCD 2" displays.
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1.6.1 Challenges of OLED technology

It has become clear in recent years of OLED development that there are several
basic physical problems that will continue to be difficult to overcome with any organic
material. Most prominent is the relatively short operating lifetime of most organic
electroluminescent (EL) devices. Lifetimes have been extended using new chemistry to
prevent crystallization, and more sophisticated packaging schemes™ to prevent water
and oxygen from degrading the emitting molecules. Such techniques have extended the
lifetimes of small area commercial displays into the range of 10,000 hours®®". However,
the packaging methods are difficult to extend to flexible substrates, and the chemistry
optimization must be repeated with each new emitter (minimum of three for a full color
display) that goes into the device. In addition, the packaging schemes and complex
syntheses are expensive, and mitigate some of the inherent advantages that OLEDs were
predicted to achieve.

Such constraints have delayed the development of high efficiency blue and red
OLEDs that have lifetimes long enough to make large area commercial displays. Human
perception of luminous intensity peaks sharply in the green (Figure 1-3), making blue and
red devices much more difficult to create at the same efficiency. In addition, broadband
blue emitting devices will either look green-blue to the human eye, or emit a large
amount of UV light, which we cannot perceive at all. Thus, creation of efficient emitters
at the visible spectrum’s extremes requires a narrowband source. Organic molecules tend
to have steric flexibility (in contrast to a covalently bonded inorganic crystalline
semiconductor), which functions to broaden the characteristic emission of an amorphous
solid relative to a crystal (using organic crystals is an alternative approach, to date limited

by deposition techniques as well as the low emission efficiency of most organic
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Figure 1-3: Plot showing the human eye's ability to perceive light intensity at various visible
wavelengths. Shown are both the photopic (daylight) and scotopic (low light) responses. The
photopic response is peaked at 555nm light, which is why green emitters of equal power output (to
red, blue) are perceived as brighter by human viewers.

crystals ). While attempts have been made to use chemistry to “bridge” some of these
steric freedoms, and hence create more rigid, narrowband emitters, the attempts have met
with only limited success*. The problem is fundamental to the material set, and hence
we must look to other materials to find solutions.

A final problem that is unsolved in the industry is how to laterally pattern red,
green and blue materials on a substrate to create full color displays in a truly
manufacturable process. Lithographic processes which are well developed in the
semiconductor electronics world are not compatible with OLED materials, due to the
similarities between the organic photoresist materials and the organic emissive layers
themselves. OLEDs cannot survive the photoresist spin, bake, develop and strip cycles
that are used to laterally pattern features on Silicon wafers. Thus new techniques must be
developed, and to date none have been proven effective for the large areas and high

throughputs demanded by the FPD industry. One patterned deposition process that does
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have promise is inkjet printing of organic materials directly onto the display backplane —

which has led to Epson’s demonstration of a 40” full color polymer OLED display.

1.6.2 OLED Device Structure and Operating Principles
Due to the similarity between OLED device structure and that of QD-LEDs, a

brief overview of OLED devices and the physics behind how they work are necessary.
Figure 1-4 shows a typical heterostructure OLED. The indium tin oxide (ITO) anode
injects holes into the hole transport layer (HTL), which in this case in the small molecule
N, N’-diphenyl-N, N’-bis (3-methylphenyl)-(1,1’-biphenyl)-4,4’-diamine (TPD). Holes
are transported via hopping transport within the TPD until they reach the tris-(8-
hydroxyquinoline) aluminum (Alqs) interface, where they buildup at the band edge

mismatch.

= (A) electrons and holes (B)
form excitons
(bound e-h* pairs)

~1000 A y
S "4 -
v -500A ¢ LUMO
HTL 4 -500 A s
anode (ITO) HTL & ETL
substrate (Glass) :E
- HOMO
oA "

EL Light

some excitons radiate

Figure 1-4: (A) Basic OLED structure. A glass substrate is coated with a thin film (150nm) of the
transparent inorganic conductor indium tin oxide (ITO). This is then coated with ~50nm of a hole
transporting amorphous organic semiconductor layer (HTL) and electron transport layer (ETL),
followed by a metallic conductor cathode such as magnesium, calcium or aluminum. (B) Principle of
operation of a typical OLED. Electrons and holes in their respective transport layers travel towards
the recombination region at the interface between the two films. In this region, an electron and hole
may occupy the same molecule (becomes an exciton). This exciton may then recombine radiatively,
created a photon of light at the characteristic wavelength of that molecule.
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Simultaneously, electrons are being injected into the Algs from the cathode which
is a low work function metal, such as Mg:Ag or Li:Al alloys. These electrons are
transported through the Algs to the same heterojunction, where they also accumulate.
Statistically, a fraction of the built-up holes or electrons can cross the heterojunction
interface leading to the creation of tightly bound electron-hole pairs on individual
molecules of either TPD or Algs. These tightly bound e-h pairs are referred to as
excitons, and may be thought of as single particles. They can relax either radiatively,
emitting light characteristic of the optical bandgap of whichever material that they were
residing on, or non-radiatively, losing the energy to phonons or heat. Prior to relaxation,
excitons may diffuse from molecule to molecule via energy transfer processes. In this
TPD/Alqs device, all of the excitons will transfer their energy to the Alg; molecules prior
to relaxing, and hence no TPD emission will be observed. Such a device may have an
external quantum efficiency as high as nex = 1%, which is to say that for every 100
electrons injected into the device, one photon may be observed by a detector external to
the device. mex is the product of several factors that are determined by the materials, and
optical and electrical properties of the device. This product may be written as
Nex = X NpL'N: ‘Ne Where y is the fraction of charge carrier recombinations resulting in
singlet excitons, npr, is the photoluminescence efficiency of the material in the solid state,

7 is the fraction of injected electrons that form excitons, and 1. is the fraction of emitted

photons that are coupled out of the device!"!

. For a typical Alqs device, y ~1/4, e ~1/5,
and npp ~0.40, resulting in a theoretical maximum e of 2%.

To improve the LED luminescence efficiency, the exciton-generating region is

often doped with dyes of high PL quantum efficiency!®. The host excitons can then
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transfer their energy to luminescent dopants via either Forster or Dexter energy transfer.
Similarly, the energy level structure of the dopant might render it an electron or a hole
trap for mobile carriers, which can also lead to exciton formation directly on the dopant
in a process known as direct carrier injection. Even small doping concentrations (from a
fraction of a percent to a few percent) in the electrically pumped host layer are sufficient
to change the luminescence spectra, often completely quenching the host luminescence.
Low dopant concentration implies a large average distance between these molecules,
which reduces exciton quenching from dopant-dopant interactions and yields highly
efficient luminescence. The lifetime and efficiency of doped OLEDs have been found to
depend on the nature and concentration of dopant molecules in the light emitting layer®®..
Figure 1-5 shows some examples of doped Alq; OLEDs. For comparison, the
luminescence spectrum of undoped Algs is also shown. Forster energy transfer in
Alqgs:(2%) DCM2 ([2-methyl-6-[2-(2,3,6,7-tetrahydro-1H, SH-benzo [ij] quinolizin-9-yl)

ethenyl]-4H-pyran-4-ylidene]propane-dinitrile) OLEDs leads to orange EL with forward

(forward) [35,37]

external emission efficiency of 7.« ~0.5% photons per injected carrier
Dexter energy transfer in Alqgs:(6%) PtOEP (2,3,7,8,12,13,17,18-octacthyl-21H,23H-
porphine platinum (II)) OLEDs leads to highly efficient, 7> ~ 4%, saturated red
phosphorescence!®’. In these doped OLEDs, different molecules perform the functions

of electron/hole transport, and of the luminescent center. Such separation of functionality

allows for optimization of device performance.
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Figure 1-5: Electroluminescence of Alq3 electron transport layer, and Alq3 doped with fluorescent
DCM2 and phosphorescent PtOEP. Chemical formula for a-NPD hole transport layer is also shown.

From the narrow and tunable emission spectra of inorganic QDs (Figure 1-6) it is
apparent that the QDs could be well suited as luminescent dopants in organic host
materials. Their photoluminescence efficiency is comparable to the best of organic
lumophores, while the spectral emission width is less than half of the typical organic
emitters, resulting in more saturated colors. CdSe QD absorption and emission can be
tuned across most of the visible spectrum by changing the dot diameter from 17 to 120A
(see Figure 1-6). Such wide tunability by size selection greatly simplifies optimization of

QD-LED color emission (an advantage not easily achievable with organic lumophores).
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Figure 1-6: Absorption and emission spectra of CdSe quantum dots. Their ability to be

continuously tuned throughout the visible (or infrared) region of the spectrum is unmatched by
any class of organic lumophores.

1.6.3 OLED Deposition and Patterning Methods

Deposition techniques that have been employed in the successful fabrication of

laboratory scale OLEDs may be classified as either wet or dry techniques. The use of

wet techniques such as spin-casting and ink jet printing are largely confined to polymeric

organics, where typical dry techniques such as vacuum thermal evaporation are not
viable. This is due to the large molecular weight of polymeric materials, which causes

their evaporation temperature to be far in excess of their decomposition temperature.

Spin-casting is a fast and easy deposition technique, depicted in Figure 1-7, in
which a quantity of solid (usually polymer) is dissolved into an organic solvent. This

solution is placed onto a substrate, allowed to wet the entire area to be coated, and then
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set spinning at high speeds (1,000-10,000 rpm is typical). The majority of the solution is
expelled due to the centrifugal force of the spinning, however, a fraction of the solution is
left behind. The exact thickness of this liquid film is difficult to predict, but is controlled
by a combination of adhesion forces at the substrate/liquid interface, solution viscosity,
and friction at the air/liquid interface. For a low vapor pressure solvent, this thin liquid
film can exist indefinitely on the spinning substrate surface. However, for typical
organic solvents used in spin coating, the vapor pressure is quite high, and the solvent
begins to evaporate immediately upon exposure to any unsaturated environment. Thus,
this thin liquid film eventually dries (time scales are typically 1-60s), leaving behind an
even thinner (1-1000nm), flat solid film of the initial solvated solid. It is important to
note that while the spin-casting technique is a fast and easy method of preparing large
area homogeneous films, it does not lend itself to patterned deposition. With inorganic
semiconductors, photoresists are deposited by spin casting, and are subsequently
patterned by UV exposure through a photomask. This photoresist is then used as a etch
mask for the inorganic semiconductor to be patterned. This process does not map to
organic semiconductors, or soluble materials in general, since it relies upon the solubility

differences between the photoresist and the inorganic semiconductor to be patterned.
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Figure 1-7: Coating of a substrate using spin-casting. A solution is dispensed onto a substrate, which
rotates at an angular velocity @ = 1,000 — 10,000 rpm. Centrifugal forces spread the solution over the
surface, as the solvent evaporates. Spin-casting is often followed by a bake step to drive off any
residual solvent and further densify the coating. Better film thickness uniformity across the
substrate is obtained for higher o, but is typically limited to +100A.

Ink jet printing of organic materials again relies upon solvation of the material, but
this solution is then expelled from a print head into very small (~20um typically)
droplets, which travel through air to reach a substrate roughly 100um from the print head.
Once the droplet reaches the substrate it begins to dry, and the material is deposited
within the circumference of the droplet as it wets the surface. However, typically the
deposited film is far from being uniform across the area of the deposition, but rather dries
in a ‘coffee stain’ pattern. This is due to the convective processes that occur within the
drying droplet, as well as material pinning effects which can occur at the circumference
of the droplet. This film thickness non-uniformity gives rise to a dispersion of pixel

operating voltages, and thus the appearance of bright spots in a display. Overcoming this
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problem, as well as controlling the trajectory of the ejected droplet as it leaves the print
head, has been the focus of academic researchers and industrial labs for a number of
years. Ink jet printing has the advantage of being a patterned deposition technique, and
hence is potentially a complete solution to the deposition of active layers within a

display™®!.

Dry techniques such as vacuum thermal evaporation (VTE) and organic vapor
phase deposition (OVPD) have predominated small molecular organic material
deposition. This is both because of the ease of depositing large area uniform and
homogenous films using these dry techniques, and because the solubility of small
aromatic molecules tends to be too small to allow for solution processing of sufficiently

thick films.

Vacuum thermal evaporation (VTE) is the simplest vacuum deposition technique

possible, as depicted in Figure 1-8. A boat made out of a resistive metal (typically
tungsten, molybdenum, or tantalum) is heated by passage of electrical current. The boat
contains organic material, which upon heating evaporates or sublimes. The evaporation
takes place in a low pressure (typically 10 torr) vacuum chamber so that the evaporated
material is unlikely to undergo any collisions along its path towards the substrate, and
also to keep the deposited materials as pure as possible. Each molecule that is liberated
from the solid has some initial speed and direction that is not changed until it contacts a
substrate or chamber surface, which is typically cold enough to cause it to condense on
contact. Because of the even distributions of the initial molecular trajectories, the
resulting deposition is essentially of uniform thickness for any solid angle intersected by

a substrate. To achieve uniform depositions over larger area substrates, longer boat-to-

31



substrate throw distances are used, or uniformity plates are inserted into the molecular
beam path to even out non-uniformities. Substrates are also typically rotated to reduce
non-uniformities in one direction. Using this technique, it is unavoidable that between
70-99% (depending on throw distance) of the material in the boat is deposited on the
walls of the vacuum chamber, rather than the substrate. The materials utilization is

traded off against film thickness uniformity.

substrate
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thickness substratq
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TURBO
| __PUMP > source
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Figure 1-8: Cartoon depiction of thermal evaporator. Source boats are resistively heated until
material begins to evaporate. Evaporated molecules travel unimpeded through vacuum until they
collide with a solid surface (substrate or chamber walls), where they condense. A quartz crystal
thickness monitor allows the user to shutter off the growth when the desired thickness is attained.

Materials deposited by VTE are most commonly patterned using shadow masking.
Shadow masking allows for the patterning of a material by preventing deposition in the
areas where it is not desired. Typically, a thin metal foil is used as a shadow mask, with a

pattern of through holes across its surface. Material that reaches the shadow mask is
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deposited onto the metal mask, and thus material reaches the substrate only in the area of
the holes. This technique is simple and powerful, but has proved to be quite difficult to
scale in manufacturing. Active matrix OLED displays have been built with dimensions
up to 4” in diagonal using shadow masking, but it is considered unlikely that the
technique can continue to scale to larger areas. For larger patterned substrates
manufacturing yield is reduced, while the mechanical constraints complicate the large
area scaling. Because shadow masking requires the deposition of material onto the metal
of the mask itself, there is a build-up of material from run to run. This material is then a
source of impurity and particulates in the chamber reducing yields of subsequent runs,
and eventually requiring the masks to be cleaned. Both of these add to the cost of
manufacture of the display. Additionally, to reduce the dust accumulation on the
substrate the typical direction of VTE deposition is up, with the shadow mask held just
below the substrate. Ideally, the mask would be a uniform distance from the substrate
across the entire area to be masked — but due to gravity a warp in the mask develops.
Suspending a large area mask below the substrate with some reasonable uniformity of
separation requires applying tension to the metal foil. However, physical limits to how
much tension can be applied to these thin, perforated foils limits the practical size of the
shadow mask to less than 40 cm on a side, too small for profitable display manufacturing
that benefits from larger glass sizes of up to 200 cm in today’s Generation-7 LCD
production. Finally, the material deposited on the shadow mask wastes material, further
decreasing the material utilization rate, further increasing the cost to manufacture. This

litany of drawbacks to the shadow masking technique has recently led even the
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staunchest supporters of vacuum evaporation to hedge their bets and consider solution

based approaches.

Organic vapor phase deposition (Figure 1-9) is another known technique for the dry

deposition of organic materialst®”!

. It similarly relies upon the evaporation of small
molecules from a solid in the presence of heat and vacuum. However, the pressures used
are typically mtorr or even 10’s of torr, and so the mean free path of the gas phase
molecules are much shorter than the throw distances used. Also, a carrier gas is flowed
over the evaporation source, and is used to move the material in a given direction.
Finally, the chamber walls are kept at or above the evaporation temperature of the
material being deposited, preventing material from being deposited on the chamber walls,
resulting in a higher material utilization factor (typically 50%) than that of thermal
evaporation. Using this technique, high levels of control can be attained, with excellent
uniformity over large areas, despite much shorter throw distances. However, because of

the higher pressures and shorter collision lengths inherent in the process, the pattern

resolution that can be attained by shadow masking is more limited than in a VTE process.
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Figure 1-9: Schematic of Organic Vapor Phase Deposition (OVPD). A hot inert carrier gas such as
Nitrogen transports organic vapors through a hot-wall reactor towards a cooled substrate, where the
vapor selectively physisorbs. (Figure courtesy of Max Shtein.)

Either side in the academic debate between polymer and small molecule
technologists claims to have both the superior material, and the ideal deposition
technique. Researchers in polymer LED:s site the flexibility and diversity of polymer
design, and the low cost of wet deposition techniques which do not require the use of
vacuum equipment as advantages of their approach. Researchers pursuing the small
molecule pathway refer to the higher purity of available materials, the reproducibility and
thickness control of vacuum evaporation, and ultimately the higher performance metrics
that have been achieved as the validation of their approach. What becomes important to
our present work is that both sets of deposition techniques and materials are available to
us for combining with the QD material set, and that we have the flexibility of pursuing

whichever seems the most promising for our particular avenue of research.
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1.7 Colloidal Nanocrystal Quantum Dots

A quantum dot can most generally be defined as a nanoscale material in all three
dimensions such that its electronic structure is modified by quantum mechanical
effects”™. They are also frequently referred to as nanodots and nanocrystals. Quantum
dots had been theoretically analyzed long before it was possible to physically make them
with high degrees of reproducibility and uniformity. The advent of molecular beam
epitaxy made it possible to form very thin layers of semiconductor materials known as
quantum wells. These quantum wells are continuous films in two dimensions, and thin
enough in the third dimension to result in quantum confinement. Differences in the
electronic structure of quantum wells was studied both theoretically and physically, and
led to the concept of quantum wires, and quantum dots. With each subsequent confined
dimension, the density of allowed electronic states in these materials narrows, giving rise
to narrower absorption and emission spectra, which we utilize in QD-LEDs (see Figure

1-10).
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Figure 1-10: The density of states within a semiconductor just above the conduction band energy
(Ec) shown for various degrees of quantum confinement. This particulat effect of quantum
confinement is what gives rise to the narrow band emission that is possible to attain from a
quantum dot.

However, while epitaxial techniques enabled the creation of small structures in
one¢ dimension, they did not provide a general method for creating confinement in the
other two dimensions. It was demonstrated that quantum dots can be created through
epitaxy by depositing very small quantities of material onto a substrate, with lattice
mismatch between the two crystals causing strain which is reduced when the thin film
breaks up into droplets. These droplets are typically extremely thin and of larger
dimension in the plane of the layer. Additionally, it is challenging to have all of the
droplets form into the same size, and hence the size distribution of these epitaxially
grown quantum dots is broad, with the typical standard deviation of their size distribution

exceeding 10% of the mean size.
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The synthetic route of Murray ef al. “" departed from the more standard vacuum
MBE growth of randomly arranged QDs on a crystalline substrate!*). Instead, this new
technique allowed for the growth of ensembles of crystals out of solution. This enhanced
the level of control available in preparing the material, and simultaneously allowed the
QDs to be handled as if they were organic “macromolecules” in solution, since they were
grown with an organic capping layer already assembled on their surface. This new
synthetic route made is possible to separate the formation of the nanoscale material from
the deposition of the QDs onto a substrate. QDs prepared in this manner can have
extremely narrow emission and absorption bands due to the quantum confinement effects
and the size monodispersity of a sample. In addition, they can be extremely efficient
emitters, with photoluminescence quantum efficiencies as high as 90%. And finally,
their emission can be tuned continuously through large portions of the spectrum. As an
example, CdSe quantum dots emit anywhere from 470nm to 630nm light, almost the
entire visible spectrum. Subsequent advances in the synthesis of such materials by
research groups worldwide have enabled the incorporation of this unique material set into
useful devices, and have extended the range of semiconductors which can be made using
this general technique. The colloidal synthesis of QD cores was extended to allow for the

[19:42) simultaneously by researchers at the University of

creation of core-shell type QDs
Chicago and MIT, a key step in the creation of highly luminescent material. This two

step process is shown in Figure 1-11.
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Figure 1-11: Two-step synthesis typical of core-shell colloidal quantum dots. In step one, the (in this
case CdSe) semiconductor cores are grown. Organometallic precursor are injected into a high
temperature organic solvent. Temperature activates the nucleation of tiny crystallites which can
then consume the remaining unreacted precursor to grow to various sizes. The growth is stopped by
cooling the reaction vessel. Similarly a shell can be grown on the cores by adding different
precursors to a solution of cores, and avoiding the nucleation of new cores of this different
semiconductor material. The result can be a solution of core-shell quantum dots of high size
monodispersity and high fluorescent quantum yield.

Luminescence properties of inorganic QDs match the performance of good
organic lumophores. For example, nanocrystallites of CdSe coated with a ZnS
passivation layer [(CdSe)ZnS] have solution photoluminescence (PL) quantum

efficiencies of as high as 50%!"%. More recently new techniques for the production of
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90% efficient QDs have been reported!®!, In addition, by changing the diameter of the
CdSe core from 23 to 55A, the peak luminescence wavelength can be precisely tuned
from A=470 to A=640 nm with a typical spectral full width at half of maximum (FWHM)
of less than 40nm!*?, This narrow spectrum is perceived as saturated color, motivating
the development of efficient, saturated color, quantum dot light emitting devices (QD-
LEDs). We expect that even red and blue efficient QD-LEDs can be generated, since in
narrow-spectrum LEDs no photons are lost to infrared and UV emission. The broadly
and continuously tunable, efficient, saturated color emission of quantum dots is
unmatched by any class of lumophores. Furthermore, environmental stability of
covalently bonded inorganic nanocrystals suggests that device lifetimes of hybrid
organic/inorganic LEDs should match or exceed that of all-organic LEDs, when QDs are
used as luminescent centers. An example of this exceptional stability is shown in Figure
1-12. In this case, the photoluminescence of QDs is compared to that of a typical organic
small molecule fluorescent dye used in biological tagging. Regardless of the feature
being tagged, the organic dye is completely faded within the first three minutes of
observation, while the QD tagged sections show no sign of fading. In this application,
the use of QDs as fluorescent markers will enable a wider variety of studies to be

performed, over a wider range of time due to this increased stability.
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Figure 1-12: Photostability of a QD, courtesy of QDot Corp. Top panel (a-e): Nucleus labeled with
Qdot™ conjugates and microtubules labeled with Alexa Fluor 488. Bottom panel (f-j): Nucleus
labeled with Alexa Fluor 488 and microtubules labeled with Qdot conjugates. Bottom: quantitative
data showing effect of QD photostability.

In contrast to OLEDs, colloidal QD device technology has not yet reached the
commercial markets. There is much interest however, in utilizing QDs in such
applications as combinatorial chemistry, as narrowband emitting sources for
communications, and as biological fluorescent tags (as in Figure 1-12). These
applications are likely to be the first instance of technology based upon low-dimensional

physics impacting humanity.

From our perspective, QDs can be seen as the ideal lumophore for incorporation
into LEDs. Their emission can be tuned throughout the visible spectrum, and thus they

can become the only lumophore that is necessary in a full color flat panel display. In
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addition, their emission is extremely narrowband, allowing for the creation of high
luminous efficiency LEDs in the blue and red, where otherwise light would be lost to the
ultraviolet and infrared respectively. As an inorganic emitting body, they have the
potential to be far more stable than any organic molecule. Additionally, they still
represent an ongoing and fascinating topic of research, and it is our hope that in
incorporating the QDs into LEDs, we will be able to contribute to the body of knowledge

that is currently being accumulated on how the QDs operate on the most basic levels.

1.7.1 QD Confinement

Understanding of how the energy levels of the QD develop requires a modest
understanding of the principles of quantum mechanics and solid state semiconductor
physics. In a conventional bulk semiconductor, the charged species (electrons and holes)
may be best described by particle wave functions in a periodic medium. However, these
wavefunctions are unconfined and experience the periodic medium throughout their
extent (which is typically on the order of 10nm). In a confined system such as a QD,
these wavefunctions are not able to extend fully, and hence exist at some raised energy
state relative to the bulk case. Quantum mechanics allows us to consider the relative
energies of a particle within such a confined system, but intuition is sufficient to tell us
that this energy is raised as the level of confinement 1s raised (Figure 1-13). In the case
of a QD the degree of confinement is determined by the particle size, and hence as the
QD diameter is reduced the energy corresponding to the electron and hole wavefunctions
are similarly increased. Thus, an emissive electron-hole pair recombination event will
release more energy (if emissive, this means bluer light) as the QD diameter is decreased.

The upper size limit at which this effect is pronounced is the diameter at which a bulk
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exciton would occupy, which for the case of CdSe is about 12nm. At extremes of smaller
QD size, surface effects dominate over any effect of the core crystal, and hence establish
some minimum diameter (near 1.7nm) of a functional CdSe QD. At such small

diameters, a majority of the core material’s atoms are on the surface of the QD.
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Figure 1-13: Energy band diagram demonstrating how QD diameter contributes to higher exciton
energy, and therefore bluer absorption and emission.

Rapid progress has been made in quantifying the electronic structure of

(%] For the simplest possible case — a spherical nanocrystal

semiconductor nanocrystals
surrounded by an infinite potential barrier, using a parabolic approximation of band

structure — the energy of the electron and hole quantum size levels (QSLs), characterized

by angular momentum quantum number /1****
h2 2
Eix = 2 2 Equation 1-1
’ 2m,,a
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where m,  1s the electron and hole effective mass respectively, a is the crystal radius, ¢,
is the n" root of the spherical Bessel function of order /j{ ¢ ) = 0. For example, in CdSe

QDs, this shift of the energy gap reaches 1.2eV. By changing the nanocrystal size, the
energy gap in this material is changed from 1.8¢V (bulk value) to 3eV, encompassing
most of the visual part of the optical spectrum*’..

Refining this approximation first requires taking into account the Coulomb
interaction between the (optically or electrically) excited electron and hole. The

magnitude of this interaction is strongly dependent on the relationship between particle

size a, and the Bohr radius of the bulk exciton,

hik
2

e
where p is the exciton reduced mass and « is the dielectric constant of the

ap = Equation 1-2
semiconductor™® **. For CdSe (ag = 6nm), we can assume that a<< ag, and hence that
we are in the so-called strong confinement regime in which the electron-hole Coulomb
interaction lowers the energy of optical transitions only slightly. As a result, absorption

spectra are given by!*®

2

ho, =E, + El(a)-18 Equation 1-3

€
Ka
where the Coulomb correction is calculated in first order perturbation theory. Further
refinement of the approximation must take into account the non-parabolic nature of the
conduction and valence bands in a real semiconductor. For typical semiconductors of
cubic or zinc blende lattice symmetry (e.g. GaAs, CdSe, CdS) the conduction band is
parabolic only at the band edge (extreme bottom of the conduction band). The top of the

valence band consists of a 4-fold degenerate sub-band describing the dispersion of the

light and heavy hole branches for non-zero , and the spin-orbit split off sub-band (sce
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Figure 1-14). Various approximations have been utilized to more accurately describe this
band structure!®->!! the results of which have been well summarized*”. When the
effects of intrinsic crystal field®* and nanocrystal shape anisotropy®**! are added to the
model, lifting the hole state degeneracy, one can consistently explain the QD Stoke’s
shift and exciton lifetime in terms of the resultant optically inactive lowest energy

excitonic statel®,

8 band PB mode}
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Figure 1-14: The bulk band structure of a typical direct gap semiconductor with cubic or zinc
blende lattice structure and band edge at the I'-point of the Brillouin zone. The boxes show the

region of applicability of the various models used for calculation of electron and hole quantum
state levels' .,

The function of the ZnS overcoating is explained by considering the QD surface.

All of the above mentioned theories rely upon the assumption of the crystal structure
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being perfectly periodic. A single crystal of CdSe has this periodicity throughout its
bulk. However, this necessarily breaks down at any surface since the periodic crystal
structure is not continued. Inorganic semiconductors such as CdSe are covalently bonded
solids, with four bonds per atom. At the surface of a crystal, the outermost atoms do not
have neighbors to bond to, generating so called dangling bonds. Even perfect crystals
undergo some surface rearrangements to minimize the energy of these dangling bonds.
The crystal periodicity is thus broken near the surface, giving rise to surface states of
different energy levels, which are within the band gap of the semiconductor. In the case
of a CdSe QD, these surface states lead to non-radiative relaxation pathways, and thus a
reduction in the efficiency of emission. The effect is made more pronounced the smaller
the QD diameter, where the surface to volume ratio is larger.

Overcoating mitigates all of these effects. By adding another shell of
semiconductor to the crystal, the CdSe dangling bonds are passivated. They are instead
replaced with ZnS dangling bonds at the new surface. ZnS also had a larger bandgap
than the CdSe, and hence the electronic wavefunction is still well confined within the
core. Thus, the wavefunction has only minimal overlap with the dangling bonds and the
surface states, and gives rise to a QD with higher photoluminescence quantum yield. It is
important to note that their must be reasonable agreement in crystal structure and lattice
constant in order to overcoat a given core material with a given shell material. The
restrictions on this matching increase as one tries to overcoat with thicker layers of

semiconductor shell. In the case of ZnS overcoating CdSe, this mismatch is 25%.
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Figure 1-15: Radial probability functions for the lowest energy (1S;; — 18,) electron and hole wave
functions in (A) bare 20A diameter CdSe dots, (b) (CdSe)ZnS dots with a 20 A diameter core and.a 4
A ZnS shell, and (c) (CdSe)CdS dots with an identical core and a 4 A CdS shell. The sketches to the
right show the approximate band offsets between the various components. From Dabbousi ef al

(1997)!43,

The extremely narrow emission band that we are relying upon for our narrow
emission QD-LEDs is also due to quantum confinement effects. In a bulk three-
dimensional semiconductor, the density of available states above the conduction band rise
very quickly (g(E)ccE” 2). However, as the dimensionality of the crystal is reduced, the
functional form of the density of states changes. For a truly zero-dimensional crystal the
density of states becomes a series of delta functions, one at each of the confined levels
with in the “box™ (see Figure 1-10). In the non-idealized physical system of a QD
between 1nm and 12nm in diameter, these delta functions become broadened, giving rise

to the typical bandwidth of QD emission that is observed. Thermal effects contribute to
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this broadening as well as the size dispersion in any ensemble sample of QDs. The
broadening effects combine to give a typical (CdSe)ZnS spectral FWHM of 25-40nm. A
thermally broadened spectrum of a single QD of the same material will have a FWHM of

emission that is only ~15nm in width.

Another unique feature of a QD that has been observed is the fluorescence
intermittency or ‘blinking’ phenomenon®>*”), When imaging dilute films of QDs
embedded in a matrix, QD photoluminescence can be observed to turn on or off for long
periods of time under uniform illumination. The on QD has been shown to correlate to a
charge neutral QD, while the off state correlates to a charged QD. The reason for the
reduction in photoluminescence efficiency of a charged QD is the Auger process, where
the exciton is quenched by the presence of charge. This non-radiative relaxation process
can occur very fast (~100ps®), relative to t~10ns for the radiative emission process of a

QD) and hence completely darken any charged QD.

1.7.2 Quantum Dot Deposition Techniques
To utilize the colloidally synthesized QDs in a solid state active device structure we

looked for a method that would allow us to deposit a thin film of QDs onto a planar
substrate. Dry techniques such as thermal evaporation are not available for QD
deposition, because their high molecular weight makes sublimation impossible.

However, the wet methods employed by the polymer OLED community are accessible to
QDs, since they are soluble in many organic solvents. Drop-casting, spin-casting, and
ink-jet printing are all promising options. However, these techniques make it challenging
to grow even a two layer device structure, and all but impossible to go beyond two layers.

We therefore needed to develop a new deposition technique for the creation of multilayer
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QD devices. An enabling step in developing any new deposition technique was design of
a growth system that allowed for the use of known deposition methods, and was flexible
enough to incorporate any new methods that were developed. The linear transfer system

was designed to meet these criteria, as discussed later in this chapter.

The solution in which a QD sample is grown is typically a solid at room
temperature. The creation of high performance electrical devices utilizing QDs grown
from this solution requires the addition of purification processing steps to remove excess
materials (the growth solvent, unreacted precursors, etc.). The details of this clean-up
procedure are dependent on the growth procedure and materials used, and so will not be
discussed in detail in this work. However, it is noted here that refining this procedure is
critical to the creation of high purity QD layers. The growth solution is typically not one
component but rather a mixture of one or more high temperature solvents, and surfactants
that are typically added to the mixture in much smaller quantities. Quantitative analysis
of the precise purity of a QD sample is difficult to perform, and thus less precise
measures are typically relied upon. In many cases, it is the observations of the solid films
formed from a sample that are the most telling of the starting sample purity. A highly
repeatable, scaleable clean-up procedure is necessary prior to the development of any QD
deposition technique, lest trace impurities within QD samples dominate the experimental

results rather than intentionally controlled variables.

Previous methods used for the deposition of QD films from solution are dip-
casting, spin-casting, drop-casting, Langmuir techniques, and electrodeposition. All of
the above techniques have been used with relative success for the deposition of QD

monolayers and multilayers onto various substrates. Dip-casting was the approach taken
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by Colvin et.al. in their early work on QD-LEDs!*”!

. This method required pre-treatment
of the substrate surface with hexane dithiol as a surface binding agent, but a small
molecule like this was no doubt an electrical trap and an exciton quenching site,
contributing to the low efficiency of these devices. Spin-casting has been used by many

researchers to deposit QDs for many applications[éo’ 61l

. However, our experiments
confirm and others have noted in their own reports, ! that such films are frequently
dominated by pin-hole defects which in electrical devices would cause shorts. While
these defects can be overcome to some extent by using subsequent treatments, this
problem seems to be fundamental to spin-cast films of QDs. Drop-casting has also been
a common method for depositing QD films. This technique gives much control over
drying times through the use of mixed solvent systems, and people have successfully
used the approach to assemble close packed ordered two and three dimensionall®* %!
super-lattices. However, the top surface of such films is typically rough, and therefore
does not allow for the construction of vertically stacked devices. Drop-casting also
requires precise control over the substrate surface chemistry, making the technique far
from generally applicable. Langmuir-Blodgett and Langmuir-Schaefer'®" techniques
have also been used to assemble QD films. It is the complexity of this process that has to
date prevented its application to any active device. This complexity also makes
Langmuir based techniques unlikely to scale well to high throughput manufacturing.

[65]

Electrodeposition has also been used to deposit nanocrystals'™™. Most recently, there

[66, 67]

have been several reports of the use of micro-contact printing to deposit QDs . In

later chapters of this work, we extend upon this technique to show that it is uniquely
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qualified to enable the large area deposition of QD monolayers within active device

structures in a reliable and repeatable manner.
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2 Device Design
In the previous chapter, the basics of both organic light emitting devices and

quantum dots were discussed. In this chapter, we will explore the strengths and
weaknesses of prior quantum dot light emitting device structures, and draw conclusions
as to what an ideal structure for a QD-LED might be. With this structure in mind,
chapters 3 and 4 will then detail two fabrication methods for fabricating such structures,
and chapters 5 and 6 will discuss the device operation and results that can be obtained
using such methods. Future areas of research are discussed in chapter 7, with growth

system integration and parameter calculations left for appendices A and B.

2.1 Previous QD-LED Structures
The first published work on LEDs incorporating colloidally grown CdSe QDs

[59]
utilized a device structure consisting of a polymer hole transporting layer, and a 15-25
nm thick QD multilayer film (5 monolayers of 3-5nm diameter QDs) as the electron
transporting layer (see Figure 2-1, a). The semiconducting polymer p-paraphenylene
vinylene (PPV) was prepared by spin-casting of the monomer followed by thermal
conversion to the polymer at 250°C. A relatively thick layer (100nm) was necessary so
as to not have the device performance dominated by shorting defects. The QD
multilayers were deposited via a layer-by-layer approach. The ITO/PPV coated substrate
was alternately exposed to hexane dithiol and a toluene solution of QDs five times,
resulting in the deposition of five complete monolayers of QD solid, separated by organic

spacers. The devices operate with an external quantum efficiency of between 0.001 and

0.01%.
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While it is possible that the low efficiency of this device is entirely due to low QD
luminescence efficiency (the QDs used are core only, not core-shell), we may also
attribute the device operation to the structure employed. Electrons are transported
through multilayers of QDs, and hence electron transport from QD to QD is necessary.

In addition, hexane dithiol was incorporated into the device during fabrication. Such
addition of film impurities could either cause charge trapping within the transport layer,

or operate as a quenching site for any QD excitons.
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Figure 2-1: QD-LED device structures that appear in the scientific literature.™ 7!

Contemporaneously, a QD-LED structure was fabricated incorporating QDs

681 in a single layer structure as shown in Figure

within a semiconducting polymer matrix,
2-1,b. The active layer of the device was spin-cast from a mixture of CdSe QDs (5-10%
by volume), polyvinyl-carbazole (PVK), and an oxadiazole derivative (t-Bu-PBD) all

dispersed in chloroform. These materials were chosen for their known properties as
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efficient transporters of holes and electrons respectively. Again, the external
electroluminescence quantum efficiency reported was low (77e ~0.0005%), and cannot
entirely be explained by the QD photoluminescence quantum yield (reported to be ~10%
in solution). In this device structure, the QDs are allowed to interfere with both electron
and hole conduction, resulting in charged QDs which are likely to be less efficient
emitters due to the Auger process discussed in Section 1.7.1. These two studies together
demonstrated for the first time that electrically generated QD electroluminescence (EL)

was possible, and alluded to the technological potential of QD-LEDs.

[68, 74]

b

Subsequent papers explored the benefits of combining these two approaches
with the use of overcoated (CdSe)ZnS'" and (CdSe)CdS QDs!*”. Schlamp et.al. used a
thermally polymerized PPV hole transport layer, followed by a spin-cast deposition of a
core-shell QD multilayer (Figure 2-1, ¢). This structure resulted in significant
improvement in quantum efficiency, with 7g as high as 0.22%. However, the device
response time was in excess of one minute, which was attributed to the presence of trap
states within the QD multilayer film.

The layer-by-layer approach was revisited by Gao et.al. with a variety of device
structures (Figure 2-1, d) based on alternating bilayers of CdSe QDs and polymers such
as PPV, poly(allylamine) and poly(styrenesulfonic acid). No device efficiency is
reported in this work, which focused primarily on the stability of the devices under both
forward and reverse bias. Fabrication in the presence of water was no doubt responsible
for the diverse effects reported herein.

Figure 2-1, e, depicts yet another variation of QD-LED device structure®). PPV

is once again used as the hole transporting layer, though in this work it is deposited using
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a layer-by-layer approach, dip-coated in alternating fashion with both sulfonated
polystyrene (SPS) and polymethacrylic acid (PMA). After deposition of 30 such
bilayers, the films are aggressively dried and thermally cross-linked in a process that
takes 36 hours. QDs of either CdSe or (CdSe)ZnS are then spin-cast on top of the
converted PPV multilayers. This strategy resulted in nex = 0.1%, and interestingly an
inverse relationship between QD np. and ng.. For the overcoated (CdSe)ZnS QDs, a
increase in photoluminescence quantum yield was observed, which translated into a
decrease in EL quantum efficiency relative to the equivalent devices made using core
only CdSe QDs. This is attributed to a decrease in charge injection into the QDs due to
the increased tunnel barrier thickness. Similar results were reported when the single

component QD film was replaced with a QD/block co-polymer composite film!"

, also
deposited by spin-casting of a mixed solution (Figure 2-1, f).

A new QD material set, (InAs)ZnSe, was used to generate efficient EL in the near
infrared”"). This work reported record a device efficiency of ng. = 0.5% using a very
simple device geometry (Figure 2-1, g). Blended films of QDs and polymers (either
poly[2-methoxy-5-(2-ethylhexyloxy)-1,4-phenylenevinylene] (MEH-PPV) or poly[(9,9-
dihexylfluorenyl-2,7-diyl)-co-(1,4-[benzo-[2,1°,3]thiadiazole])] (F6BT)) were spin-cast
between opposing electrodes.

This was followed by our demonstration of 7z.=0.5% visible wavelength QD-

LEDs that incorporate a single layer of QDs in a molecular organic structure (see Figure

[77] [78]

2-1, h)"%), and extensions upon this to yield 7:.=1.1%!""! and most recently 7:1=2%

The fast response time and higher 75, of these latest devices matches that of fluorescent

OLEDs.
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Seen as a body of work as of 2001, the prior art implied that while QDs were an
interesting nanoscale material, it was unlikely that they would ever compete with the
efficiencies obtained using organic light emitting devices. After 7 years of progress, QD-
LED efficiency had still not reached the point at which OLEDs were at in 19877,
Furthermore, their highly tunable photoluminescence had yet to be realized in
electroluminescence; all the reported devices emitted between 560nm and 630nm. Large
area deposition techniques were being employed in device fabrication, but there was no
presented equivalent to shadow masking for patterning these solution processable
materials. Though progress in the synthesis of efficient materials continued apace, as did
research into various applications of QDs, there were no significant works pushing the
state of the art in QD-LEDs for a period of roughly 3 years. It seemed the scientific
community had lost interest in using these uniquely positioned materials in what was a
clear application space for them.

We can ascertain the shortcomings of the two major categories of devices
fabricated prior to 2002. For devices in which QDs were homogeneously distributed in a
polymer matrix, we expect that the QDs were strongly influencing the film morphology
and charge conduction through the polymer layer. Rough surface morphology, typical of
thick (more than a few monolayers) QD films likely contributed to the observed low
device yields and allowed little freedom in optimizing charge injection, transport and
position of the exciton recombination region. In the devices in which QDs were
deposited as thick, single component films, the QDs functioned as both lumophores and
charge transport layers. QD photoconductivity experiments give us direct evidence of the

poor conduction properties of thick QD films relative to organic semiconductors!®”. In
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addition, thin films that have both charge and excitons present often undergo quenching
mechanisms such as polaron-exciton quenching or Auger recombination™’, The goal of
our work is to allow the QDs to function exclusively as lumophores, and to play as little

role in QD conduction as is feasible.

2.2 Isolating Quantum Dot Function
The prior art in QD-LEDs utilized a diversity of materials, deposition techniques,

and device structures in their attempts to produce efficient devices. Looking at the
improvement made in OLEDs during the same time period, one can notice a trend
towards the addition of layers to the device structure, typically with the intent of isolating
the function of each layer’®. Charge injection was controlled using one molecule
optimized for this function, charge transport another, and light emission a third. The
ability to create layered structures of distinct materials is one of the principle advantages
of small molecule OLEDs (SMOLEDs) as compared to polymer OLEDs, and in part
explains the higher device efficiencies that have been achieved by SMOLED:s.

To improve upon the performance of QD-LEDs, we learn from the insights of
SMOLED research. QD-LEDs are of interest primarily because of the unique
luminescent properties of the QDs in comparison to organic lumophores; the QDs are
narrow band, saturated color, stable, solution processable, and efficient emitters of light.
However, prior art tells us that they are not effective transporters of charge (see Figure
2-2), especially in the cases where thick multilayer films of close packed QDs are used.
Even in the instances where the QDs were doped into matrices of charge transporting
polymers, the adverse effects of the QDs presence were observed, whether in reduced

device quantum efficiency or in raised operating voltages. Additionally, the majority of
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the QDs used in the device fabrication could not operate in their intended fashion. We
understand from OLED research the effect of plasmon quenching when excitons are

formed too close to an electrode®

. Hence, a large portion of the QDs used in the QD-
LED device structures were not only disruptive of charge transport, but could not
contribute greatly to light emission due to their proximity to the electrodes. In the

following section, we consider the design of an idealized QD-LED device structure.
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Figure 2-2: Energy band diagrams showing the difficulty of conducting electrons from one QD to
another, versus conducting electrons from a neighboring organic molecule into an adjacent QD.

2.3 Idealized QD-LED Structure

In separating the QD function of light emission from charge transport, we
immediately see the deficiencies in the diverse device structures already fabricated (see
Figure 2-1). All of these previous structures allow QDs to be proximal to the cathode.
They all allow QDs to participate in conduction to some greater or lesser extent. If for

the time being one ignores the issue of how to fabricate such layered structures, it is clear
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that the ideal QD-LED structure to be built would enable the efficient delivery of both
electrons and holes to the emitting QDs. The QDs would be located where the electrons
and holes meet, and nowhere else. With only these two very simple principles, a new
device structure begins to emerge, depicted in Figure 2-3. The electron and hole
transport layers (and electron and hole injection layers) are isolated from the QD
deposition, and can therefore be optimized independently. The electrons and holes will
meet at the QD emissive layer, and there create excitons on the QDs, which can emit

radiatively.

Cathode

Electron Transport Layer

QD Emissive Layer

Hole Transport Layer

Anode

Glass

Figure 2-3: Idealized QD-LED structure. The exact nature of the QD Emissive Layer is dependent
on the operating mechanism of the device.

How exactly we choose to create excitons on the QDs will determine the detailed
structure of the QD emissive layer. Two possible mechanisms for electroluminescence
from QDs have been proposed, and indeed both are possible depending on the device

structure employed. Figure 2-4 graphically depicts these two processes, exciton energy
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transfer, and direct charge injection. In exciton energy transfer, an exciton is first created
on an organic molecule, which then transfers onto the QD prior to emission. In the case
of direct charge injection, an electron and hole (negatively and positively charge polaron)
are seperately introduced to the QD, where they form an exciton. Choosing which of
these mechanism we want to dominate within our QD-LEDs will determine the

composition of the QD emissive layer in our ideal QD-LED device.

Negative ’
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Photon A :

Bound Exciton
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ENERGY TRANSFER CHARGE INJECTION

Figure 2-4: Possible electroluminescent pathways in a QD-LED. In Forster energy transfer, an
exciton is first created on an organic molecule, which then transfers onto the QD prior to emission.
In the case of direct charge injection, an electron and hole (negatively and positively charge polaron)
are seperately introduced to the QD, where they form an exciton.

For the case of a QD-LED operating via energy transfer, our goal is to design a
device that optimizes the creation of excitons on the organic donor molecules and allows
for the complete energy transfer of those excitons to the receptor QDs. We also want to
utilize as few QDs as possible so that we continue to minimize their impact on
conduction. If we assume that the QD emissive layer (see Figure 2-3) is the region of the
device where all excitons are created, then we meet this goal by placing QDs within this
donor layer matrix, spaced evenly in all three dimensions. Research on the thickness of
the exciton recombination layer in SMOLEDs tells us that for a wide range of current

densities, the majority of the excitons are created within a region that is only 5-10nm
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thick!® %31, Figuring out the ideal spacing of the QDs in the plane of this 5-10nm thick

layer is dependent on the length scale over which exciton energy transfer processes can

occur. Exciton energy transfer can occur by either Forster or Dexter transfer, as depicted

in Figure 2-5.
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Figure 2-5: The Forster and Dexter processes in singlet-singlet energy transfer'®. Up and down
arrows indicate the spin state of individual electrons. Dashed arrows indicate direction of electron
transfer.

In Dexter energy transfer, electrons and holes are directly exchanged from one
species to another. Because of this, Dexter transfer occurs only over short distances of
~1nmP!, We assume that Dexter transfer to the emissive states of a QD is only availabl
from the nearest organic neighbors of a given QD, since the typical length of the QD

capping ligands (plus the shell thickness for a core-shell QD) is also Inm. Thus, for

€

Dexter transfer to operate within this ideal device structure, our QD to QD spacing would

be exactly one molecular length longer than the QD diameter, as depicted in Figure

2-6, a.
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Figure 2-6: Designing the ideal QD emissive layer. Depending on the operating mechanism of QD
electroluminescence a different form of the QD emissive layer can be envisioned as ideal. a) For
Dexter transfer the QD to QD intersite spacing would be ~Inm. b) For Forster exciton energy
transfer this spacing becomes Snm. c) For direct charge injection, close packing is the desired QD
layout. In all cases the ideal thickness of the layer is that of a typical OLED recombination zone, 5-
10nm or one QD diameter thickness.

In contrast to this, Forster energy transfer'® ) can occur over much longer
distances®). Forster transfer describes the dipole-dipole interaction of an excited donor
molecule and a ground state acceptor molecule. The electric field generated by the
excited dipole falls off as R (where R is distance from the dipole, near field), and the
induced dipole in the acceptor molecule can be shown to be proportional to R, giving

rise to the R® dependence of the transfer rate:

1 1(3¢c .
K, = EF{E ja)"—ng F,(w)o, (a))da)] Equation 2-1

Where, Fp( @) is the normalized fluorescence emission spectrum of the donor, o,(®) is
the normalized acceptor cross section in units of cmz, ng is the medium index of
refraction, ¢ is the speed of light, tp is the natural lifetime of the donor in the absence of
quenchers, and the o integration is over all (angular) frequencies. Using Equation 2-1,

and plugging in typical numbers for an organic guest: host thin film, it has been shown
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that the dipole-dipole interaction can be significant out to distances as large as 10nm.
Furthermore, in QD/organic hybrid systems, it has been shown that this process can occur
with lengths scales that are identical®. Thus, for the idealized QD-LED structure
operating with Forster energy transfer as the dominant mechanism of operation, the
emissive layer would be 5-10nm thick, and have a QD to QD spacing of ~5nm, as
depicted in Figure 2-6, b.

For the case of a QD-LED operating via direct charge injection, the ideal case is
much simpler to analyze. The goals are to ensure that every electron (or hole) is injected
into a QD at the emissive layer, and that electrons and holes are not allowed to recombine
on any other species. Thus, the emissive layer should be a close packed film of QDs.
Elimination of QD to QD electron conduction requires that this close packed film is
exactly one monolayer thick. This gives rise to the QD emissive layer design depicted in

Figure 2-6, c.

2.4 Target QD-LED Structure

Throughout the remainder of this work, we choose to focus on the device
structure shown in Figure 2-6, ¢. The reasons for this are two-fold: constraints in
fabrication tell us that arranging nanoscale objects on a surface with a fixed distance
between them is extremely challenging. Two QDs sitting one nanometer (1nm) apart will
have a strong van der Waals attraction between them, and in the absence of an equally
strong fixative force, these QDs will aggregate to form a closer packing layer. In
addition, the ever present goal of this work is to make an efficient device, and so we
choose to operate via direct charge injection. Operating via energy transfer will

effectively limit our performance to that of the donor organic molecule. In the case of
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fluorescent donors this means an external quantum efficiency not to exceed 5%. One can
envision using organic phosphors as donors to create 20% efficient QD-LEDs in this
manner, but the lack of an efficient, high energy donor phosphor will clearly prevent this
mechanism from being available for a blue emitting QD-LED. By utilizing direct charge
injection, we hope to prevent the singlet-triplet ratio of organic lumophores from
affecting the performance of our QD-LEDs. The seemingly analogous problem of the
QD “dark exciton’ state® is not an issue for device operation at room temperature, since
the energy difference between the dark and bright excitonic states is below kgT, or

26meV for T=298&K.
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3 Phase Separation
In the previous chapters, the basics of organic light emitting devices, quantum

dots, and quantum dot light emitting devices were discussed, leading to the design of an
ideal QD-LED structure. With this structure in mind, the following chapters detail two
methods for fabricating such structures. The final chapters will discuss the device

operation and results that can be obtained using such methods.

3.1 Introduction
We investigate a new method for forming large area (> cm?), ordered monolayers

of colloidal nanocrystal quantum dots (QDs). The QD thin films are formed in a single
step by spin-casting a mixed solution of aromatic organic materials and aliphatic-capped
QDs. The two different materials phase separate during solvent drying, and for a
predefined set of conditions the QDs can assemble into hexagonally close packed
crystalline domains. We demonstrate the robustness and flexibility of this phase
separation process, as well as how the properties of the resulting films can be controlled
in a precise and repeatable manner. Solution concentration, solvent ratio, QD size
distribution and QD aspect ratio affect the morphology of the cast thin film structure.
Controlling all of these factors allows the creation of colloidal crystal domains that are
square microns in size, containing tens of thousands of individual nanocrystals per grain.
Such fabrication of large area, engineered layers of nanoscale materials brings the
beneficial properties of inorganic QDs into the realm of nanotechnology. For example,
this technique has already enabled significant improvements in the performance of QD

light emitting devices.
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The colloidal synthesis of inorganic nanocrystal quantum dots (QDs)!% #0421

enables tuning of QD material properties with atomic level precision. Research on
devices that harness these properties can be divided into two distinct classes: point-
contact devices that utilize a countable number of nanocrystals, or large area devices that
utilize great numbers of QDs. In both cases, controlling the placement of the QDs within
the active device structure presents the greatest challenge to device fabrication. Many of
the earlier studies dedicated to assembling 2D and 3D superlattices of QDs on solid

substrates!®> 6692941

present techniques that require long preparation times and precise
control of surface interactions to achieve ordered assembly, making the incorporation of
such techniques into a working device structure challenging.

The present work investigates the phase separation during spin-casting process,
capable of arranging QDs over large areas (cm?) in two-dimensional sheets within
layered structures. This process simultaneously yields QD monolayers self-assembled
into hep arrays and places this monolayer on top of a co-deposited contact. We describe
the QD phase separation and self-assembly processes and how to controllably tune the
resulting film properties. The technique has already been used in the structuring of
efficient quantum dot light emitting devices (QD-LEDs),[® 7% but as a general and
flexible fabrication technique this method could enable fabrication of a wide variety of
large area nanostructured heterostructures. QD monolayers arranged onto organic thin
films are a unique platform for the study of basic physical properties of materials, for

example allowing investigation of coarsening mechanisms on the individual adatom (in

this case a single QD) level.”*""!
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The fabrication of a monolayer sheet of close-packed QDs by phase separation

during spin-casting is in essence a very simple process, as depicted in Figure 3-1. The

QD Solution  TPD solution
1 Mix Solutions

Spin-cast Cl»

5 QDS ~

TPD/solvent /]
Substrate

3 Phase Separation

close packed QDs

L 0000000006
TPD

Substrate
4 Self-Assembly

2 Ag
QD-LED T

40nm ETL
QD monolayer
40nm HTL

5 ITO

Glass
Figure 3-1: Graphical description of the
fabrication of organic/QD bilayers through phase
separation during spin-casting: TPD exemplifies
the organic material. The entire process can be
completed on the time scale of seconds,
differentiating it from other QD self-assembly
techniques. This fabrication process enables the
creation of efficient QD-LED structures,”
depicted in Step 5.

process relies upon the solvation of both
the organically capped semiconductor
QDs and the organic material to be used
as an underlayer in a compatible solvent
system. During solvent drying, the QDs
phase separate from the organic
underlayer material, and rise towards the
surface of the film. When drying is
complete, the organic material is in the
form of a homogenous thin film, which
is coated by a layer of QDs. For typical
solvent systems, the film is dry well
before equilibrium is achieved, and thus
the film formation is arrested in a non-
equilibrium condition. The exact
structure and composition of the layer is
completely determined by the
composition of the spin-casting solution
(for a fixed set of processing
conditions). Hence, the material purity

of the QD sample is of critical

68



importance to the phase separation process (see Experimental). As an example, the
fabrication can be continued resulting in a complete light emitting device.

While it is impossible for any thin film fabrication method to be universally
applicable, we demonstrate that within the extent of this study the phase separation
process is not critically dependant on any one component of the system. We observe
phase separation and assembly of QD monolayer sheets for a number of substrates,
solvents, organic underlayer materials, QD core materials, QD organic capping groups,
QD diameters, QD size aspect ratios, spin-casting parameters and environmental
conditions. Table 3-1 lists the materials used to demonstrate the generality of this
process. The only known constraints on the phase separation process are 1) that there is a
solvent or solvent system which dissolves both QDs and organics in the needed

concentrations, and 2) that the solvent and organic layer wet the substrate surface.

Table 3-1: Examples of materials compatible with the phase separation process: A list of materials
that have been incorporated successfully into the phase separation process. This list is not meant to
be exhaustive, but rather representative of the materials that are compatible. TPD = N,N’-diphenyl-
N,N’-bis(3-methylphenyl)-(1,1’-biphenyl)-4,4’-diamine; NPD = 4,4-bis[N-(1-naphthyl)-N-
phenylamino]biphenyl; poly-TPD = Poly(N,N'-bis(4-butylphenyl)-N,N'-bis (phenyl) benzidine; CBP
= 4,4'-N,N'-dicarbazolyl-biphenyl; Alq; = tris-(8 hydroxyquinoline)aluminum; TOPO =
Trioctylphosphine oxide; Eponate 12 = trade name of epoxy available from Ted Pella Inc; ITO =
indium tin oxide.

Organic hosts TPD, NPD, poly-TPD, CBP, Alq,, polycarbonate
Solvents Chloroform, chlorobenzene, toluene, benzene, pyridine
QD core materials PbSe, CdSe, and (CdSe)ZnS, (CdS)ZnS, Au

QD capping molecules | Oleic acid, pyridine, TOPO, dodecane thiol

QD core diameter 3-10nm

QD size aspect ratio 1:1 (spherical), 5:2, 5:1 (nano-rod)

Substrates Silicon, glass, ITO, parylene-C, ‘Eponate 12° epoxy
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3.2 Results and Discussion

3.2.1 Control of Underlayer Thickness
Perhaps the simplest film property to control in this process is the underlayer

organic film thickness. It is well known that the thickness of spin-cast organic thin films
may be controlled by varying the solution concentration while fixing the spin parameters.
For example, for a fixed set of spin conditions, the phase separation process remains
unaffected when the TPD (N,N’-diphenyl-N,N’-bis(3-methylphenyl)-(1,1’-biphenyl)-
4,4’-diamine, an archetypical organic) concentration in the solution is changed from
2mg/ml (resulting in 12nm underlayer film thickness) to 94mg/mL (440nm underlayer
film thickness). Figure 3-2(f, inset) shows that the relationship between the TPD
concentration in a chloroform solution and the resulting underlayer film thickness is
linear. AFM images of these surfaces reveal that phase separation is still present in all
samples, and that the fraction of QD surface coverage is completely independent of
underlayer film thickness. This separation of parameters facilitates optimization of device

performance in fabricated structures.
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Figure 3-2: Effect of solution concentration on the phase separation process: Tapping mode AFM
images of QDs assembled on an organic surface. As the concentration of QDs in the spin-casting
solution is increased, the surface coverage of QDs is increased. The images show QD partial
monolayers (a-d) with various coverages, and a partial multilayer that results from even higher QD
solution concentrations (e). Figs. (a-¢) are phase images, while Figs. (d’, e’) are the corresponding
height images which demonstrate the increase in surface roughness for multilayer QD films. QD
concentrations are Fig. (a) 0.48 mg/mL, (b) 1.6 mg/mL, (c) 4.8 mg/mL, (d) 16mg/mL, and (e) 48
mg/mL. Fig. (f) shows the dependence of QD monolayer surface coverage on concentration of QDs in
the spin-casting solution. The inset plots the linear dependence of organic film thickness on the
concentration of organic in the spin-casting solution (TPD in chloroform). The parameters that are
varied in the two plots are completely independent, allowing organic layer thickness to be tuned
independent of QD surface coverage fraction. The QDs in this figure are 6.5nm diameter PbSe cores,
prepared as described in the Experimental Section.

3.2.2 Control of Monolayer Surface Coverage
The concentration of QDs in the spin-casting solution may also be tuned, with

predictable effects on the resulting bilayer. For very low QD concentrations, the bilayer
film (see Figure 3-2(a)) contains a countable number of QDs distributed homogeneously
on the organic surface. The QDs can be imaged individually, or in close-packed

groupings of two or more crystals. As the solution QD concentration is increased, the
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number of QDs on the surface of the film increases (see Figure 3-2(b)-2(d)). Figure
3-2(f) plots the observed percent coverage versus QD concentration in the spin-casting
solution.

As the QD solution concentration is increased, a nearly complete coverage of
QDs on the organic surface is observed. If the concentration of QDs in the spin-casting
solution is further increased, the result is a breakdown of the flat, uniform morphology
shown in the other AFM images in this work. As more QDs than can fit try to pack, they
are forced to break out of the plane of the monolayer and seek lower energy
conformations. In some cases the QDs pile up into three dimensional stacks, leaving
exposed regions of the organic underlayer. In other cases the first layer coverage remains
high, but a buildup of regions of QD multilayers occurs (Figure 3-2(e)). Within this work
we do not study such multilayer structures, but instead focus on the more controllable

process of generating ordered monolayer and sub-monolayer coverage.

3.3 Control of Packing Order and Grain Sizes

3.3.1 Quantum Dot Size Distribution
The degree of hexagonal packing that is observed on a QD monolayer is directly

related to the polydispersity of QD diameter. Figure 3-3 shows three partial QD
monolayers, spin-cast from solutions formulated from three different QD samples.
Figure 3-3(a) shows an example of a largely disordered film, made from a QD sample
with size distribution standard deviation (osp) of >10%. Although the film stack is
determined by the phase separation process, the self-assembly into an hep array of

particles has been prevented by the size dispersion.
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Figure 3-3: Effect of QD size distribution on the degree of packing order: AFM phase images
demonstrating this effect. For broad size distributions (a, (CdSe)ZnS), the QDs assume random
packing. As the size distribution is narrowed (b, red emitting bare CdSe, ¢, 5.5nm PbSe) the QDs
clearly pack into hexagonal arrays. For monodisperse samples with asp < 5% (c), high degrees of
order are achievable, with grain sizes larger than 1pm?. The insets show the two dimensional spatial
Fourier transforms of the images. For the perfect single grain (c), the Fourier transform reveals the
expected six point pattern. These six points blur into a ring for the image containing a large number
of grains (b), and shows no distinct features for the disordered film. Fourier analysis is an effective
method of measuring the periodicity (QD center to center spacing) of the QD monolayers.

Figure 3-3(b) shows a bilayer formed from a QD sample with osp = 5-10%.
While it is clear that the QDs have assembled into the hcp monolayer structure, the
ordered domains, or grains, remain small, containing at most a few hundred QDs per
grain. It is noted that this size distribution is narrow enough to form high coverage
monolayers which are of high enough quality for the fabrication of monochromatic
emitting QD-LEDs.

By careful control of QD synthetic techniques, 6sp < 5% is achievable (see 3.9
Experimental). Figure 3-3(c) shows an AFM image of an hcp bilayer created with such a
sample, in this case 5.5nm PbSe QDs with oleic acid caps on a TPD underlayer. The
high degree of spatial periodicity of the sample enables clear imaging of individual QDs
in the hep colloidal crystal as depicted in Figure 3-4. The average grain size exceeds
1um’, with a high degree of two dimensional ordering over tens of thousands of repeat

units.
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Figure 3-4: Depiction of the effect of surface roughness on the resolution of Atomic Force Microscopy
(AFM). The pervasive use of tapping mode AFM throughout this work as a primary method of
analysis is chosen over other microscopy techniques due to its ease of use, resolution, and flexibility
of substrate compatibility. In contrast, transmission electron microscopy (TEM) requires lengthy
preparation techniques that would make the production of optimized devices prohibitive. Also,
scanning electron microscopy (SEM) lacks the necessary resolution to easily image individual ~Snm
particles. The AFM image resolution is in part determined by the probe tip radius, which was
specified as <10nm for all the probes used for this work. The ability to resolve features that are
smaller than this tip radius is due to the flatness of the samples (as in Figure 3-4(a)). For
exceptionally flat samples, imaging is done with the extreme tip of the probe, whereas the presence of
any larger height variations (as when surface disorder is present) results in imaging with the entire
tip diameter, setting the minimum resolvable feature size to ~20nm (as in Figure 3-4(b)). Smooth
surfaces allow for resolution below the size scale of the probe tip diameter.
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3.3.2 Quantum Dot Size Aspect Ratio
QD eccentricity, or size aspect ratio, also determines the degree of sclf-assembled

order in these QDs monolayers.!”®! Many of the II-VI colloidal semiconductors have a
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Waurtzite crystal structure, with a unique c-axis in the crystal unit cell. Recent work has
exploited this asymmetry in the crystal structure to create growth anisotropy, yielding
nanocrystals with controllably tuned size eccentricity from R = 1.0 (spherical) to several
100 (rod shaped nanocrystals).[9'] Figure 3-5 demonstrates that the phase separation
process is unaffected by changes in aspect ratio from R = 1 to 5, but that the degree of
ordering is reduced in samples made from more rod-like nanocrystals. In these nanorod
monolayers the minimum energy phase is likely liquid crystalline rather than the hcp

structure we see for Ry = 1 nanocrystals.

a Aspect Ratio 1:1 b Aspect Ratio 5:2 C Aspect Ratio 5:1

50nm
i

Figure 3-5: AFM images depicting the effect of QD diameter aspect ratio on degree of ordering. For
spheres with narrow size distributions the packing is highly ordered (a), while for samples with
larger aspect ratios (b, ¢) packing is observed but ordering is nonexistent. This is due in part to the
lack of size monodispersity on the length of the QDs, which is independent of the diameter
monodispersity in these samples. The insets display the spatial Fourier transform of the images,
highlighting the differences in order between the images. The nanocrystals used in this study are (a)
7 nm PbSe QDs, (b) red emitting CdSe core-shell QDs, and (c) CdSe nanorods.

3.4 Solvent
The crystallinity of the ordered domains is strongly affected by the solvent drying

time during the spin-casting process. Solvent drying time is directly related to solvent
vapor pressure, and as such a wide range of control is possible using only two miscible
solvents. We chose to work with chloroform and chlorobenzene, as they have similar

solubility properties (both solvate TPD and oleic acid capped QDs effectively), but very
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different vapor pressures (chloroform = 26.2kPA, chlorobenzene = 1.6kPa). Chloroform
solutions dry in less than a second during the spin-coating process, while chlorobenzene
solutions dry only after several seconds of spinning. A continuous range of solvent
drying times could be achieved by mixing these two solvents in different ratios.

The equilibrium condition for monodisperse (osp <5%) QDs arranged into a two
dimensional sheet is a single hep grain. A trend towards equilibrium is demonstrated in
Figure 3-6, which depicts a series of spin-cast bilayer films that are made from the same
QD sample and the same concentrations of both QDs and TPD. The solvent used is
varied from 100% chloroform (fastest drying, Figure 3-6(a, d)) to 100% chlorobenzene
(slowest drying, Figure 3-6 (c, f)). The mean QD island size is maximized for the mixed
solvent system. Small grain boundaries, however, are visible in the 8um scan (Figure
3-6(e)) and are more clearly visible in the 2um scan (Figure 3-6 (b)) of the mixed solvent
sample. Such grain boundaries, internal to an island, do not occur in the chlorobenzene

sample, where almost every island is a single grain, in many cases larger than 1 pum?,
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Figure 3-6: Effect of solvent on grain size and structure: AFM height images of QD monolayers on
TPD spun from identical concentration solutions of different solvents. (a) and (d) are images of the
same film at different scan sizes, as are (b) and (e), and (c) and (f). In (f) each island is a single grain
of colloidal crystal (sizes exceeding 1pm?), while in (d) and (e) the islands are composed of multiple
grains separated by narrow grain boundaries that are observable in images (a) and (b). The insets in
(a-c) are close up views of the individual QDs that make up the hep grains, as well as spatial Fourier
transform images showing the hexagonal periodicity of the QD self-assembled monolayers. The QDs
in this figure are 6.5nm diameter PbSe cores, prepared as described in the Experimental Section.

Cracking between the large area islands is likely due to the solvent drying
process, as the optimal particle spacing for solvated QDs differs from the dry QD
spacing.!”” In Figure 3-6 (d) the cracks are of nearly fixed width, suggesting that
adjacent islands were once joined together. While solvent is still surrounding the QDs
during the spin-casting process, they pack into hcp arrays with some natural period
corresponding to the spacing of solvent rich QDs. At this stage, the surface coverage is
probably very close to 100%, and the QDs have some freedom to minimize their surface

free energy. As the solvent continues to evaporate, the QD spacing decreases, and the
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QDs in a given grain pack closer together. At some point the continuous QD layer must
break to allow for the strain that results from this higher packing density. The breaking is
most likely to occur at a grain boundary, as the van der Waals interactions that are
holding the QDs to their neighbors are weakest at this point of the film. The result is the
large scale cracking morphology that we observe in Figure 3-6 (d), with the perimeters of
adjacent islands tracking each other almost perfectly.

For quickly drying solvents, the cracks seem to be more numerous, but smaller in
width, while for slowly drying solvents the cracks are less frequent, but larger. In all
cases, the total area of void is approximately constant (22%, 20%, and 27% respectively
for chloroform, mixed, and chlorobenzene solutions). This implies that the QDs are
packing into their equilibrium, dry packing distance in all situations, an effect confirmed
by directly measuring the QD spacing on the AFM images (periods of 8.3, 8.1, and 8.3nm
were observed, respectively for chloroform, mixed, and chlorobenzene solutions). The
tendency for slower drying solvents to yield larger cracks could be due to several factors.
First, there are fewer grain boundaries available in this system, because of the larger
mean grain size, and thus fewer sites where a crack could originate. The shrinking
process is also occurring much slower in these films, allowing more time for the strain
induced by shrinking to propagate to an existing crack, rather than nucleate a new one.
Alternatively, the cracking could occur at many sites very early in the drying process,
with the slower drying times allowing more time for the cracks to heal, and for islands to

coalesce.
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3.5 Observation of Two Dimensional Crystal Defects
The creation of large arca two dimensional super-lattices of nanocrystals allows

the direct observation of colloidal crystal defects. There are of course fundamental
differences between this colloidal crystal system and a single crystalline semiconductor,
or a molecular crystal. The size scale is larger, and therefore single elements of the
crystal are more easily observed. In addition, we can tune this critical size by growing
larger particles. Another major difference is that all of the units are not identical, with
slightly different sizes, aspect ratios, and surface chemistry all affecting the process of
crystallization. Finally, the energies involved are vastly different, with only van der
Waals interactions playing a role. Crystal formation in the plane of a substrate in van der
Waal bonded solids is not completely understood, indicating a potential benefit in using
this system to study the kinetics of crystallization.

Figure 3-7 highlights crystal defects found in a QD self-assembled grain on an
organic underlayer. Vacancies are manifested as dark spots in the AFM image of the hcp
array (Figure 3-7 (a)). Interstitial defects are imaged as a rare high spot in the AFM
height scan, roughly one QD diameter higher than the remainder of the periodic pattern.
Line defects, where two rows of QDs merge and become one row, are frequently
observed (Figure 3-7 (a)). Finally, the fine structure of the grain boundary itself is
observable (Figure 3-7 (b)). It is simultaneously possible to measure the grain angle
deviation of two grains joining, and to identify the location of each QD that makes up the

boundary.
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Figure 3-7: Crystal defects in two-dimensional QD colloidal crystals: AFM images of (a) a single QD
grain, with crystal defect points clearly visible and (b) the grain boundary between two large area
colloidal crystal grains, allowing the study of the individual QDs that make up the grain edges. Insets
are the spatial Fourier transforms of the two images, in (a) showing the three-fold symmetry (six
points) of the hexagonal periodic array, and in (b) showing the six points of each of the two grains,
resulting in 12 clearly distinguishable points on the same diameter circle. The QDs in this figure are
5.5nm diameter PbSe cores, synthesized as described in the 3.9 Experimental Section.
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3.6 Role of Organic Underlayer

Drying-mediated phase separation and self-assembly processes have recently
received much attention in the literature, > % 1% though a detailed mechanism for the
specific cases presented in this study are as yet unproven. During spin-casting, the
organic/QD solution transitions from a homogeneous liquid mixture to a phase separated
solid. It is unclear at exactly what point in time the separation occurs, a) carly in the
solvent drying, when the solute mass percent remains low or b) late in the process, when
the solvent mass percent is low. The phase separation is driven by the minimization of
interface surface energies. The organic small molecules are preferentially deposited on
the substrate surface due to both their higher polarizability relative to QDs, and the higher
contact area with a flat surface which they can achieve. The size of the QD units reduces
both of these quantities relative to the small molecules.

Experiments in which the organic has been eliminated from the spin-casting
solution demonstrate that one of the roles of the organic component is a simple surface
modification; Pure QD solutions spun onto aromatic organic surfaces form monolayer
films with hep structure, while QD solutions spun onto silicon oxide form low coverage
multilayers or sub-monolayers.!"" Another important effect of the organic is to slow
down the evaporation of the solvent, allowing more time for the QDs to reach
equilibrium on the surface. It is the combination of these two effects of the organic
material that enable the monolayer formation and self-assembly to occur during the
solvent drying time. Once phase separation has occurred, the QDs are mobile on the

96, 103]

organic underlayer surface,! and self-assemble into hep arrays as they seek their

[104, 105]

equilibrium conformation, coarsening via a combination of Ostwald ripening and
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cluster diffusion,'°! depending on the stage of coarsening and the initial QD

concentration.

3.7 Light Emitting Devices

3.7.1 Visible
Figure 3-8 demonstrates the highest external quantum efficieny, ngx>2%,

quantum dot light emitting device (QD-LED) created to date. The layered device
structure (Figure 3-8 a, inset) requires the use of a QD monolayer, which in this case is
created using the phase separation technique. Holes and electrons are efficiently
delivered to the active layers of the device to create excitons which recombine in the
cores of the QDs. The electroluminescence (EL) spectrum (Figure 3-8 b, inset)
demonstrates that the emission is dominated by QD band edge emission. Such a device is
reported here to demonstrate both the utility of this fabrication technique, and the need
for precise control of all aspects of the process, leaving device analysis for other
works.”” In such a device the underlayer becomes the hole transport layer, and the
monolayer surface coverage and size distribution of the QD sample are directly related to
the EL emission spectrum. The ability to use the phase separation technique on diverse
substrates allows an indium tin oxide transparent electrode to be one contact of the

device.
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Figure 3-8: Structure and performance of a QD-LED fabricated using the phase separation during
spin-casting method. a) Current-Voltage characteristic of the device; a, inset) Typical cross-section
of an efficient quantum dot light emitting diode, and a photo of the operating Imm diameter device;
b) Critical performance metrics of the QD-LED, with external quantum efficiency in excess of 2%, >
1 Im/W, and a maximum brightness of over 7,000 cd/m2; b, inset) Electroluminescence spectrum of
the QD-LED, with saturated color red emission peaked at 615nm, and FWHM of 27nm. In this
device preparation we used overcoated CdSe QDs provided by Quantum Dot Corporation.

3.7.2 Infrared

Phase separation also enables the creation of infrared emitting QD-LEDs,
utilizing PbSe core, oleic acid capped QDs. The electrical and optical characteristics of

these devices are summarized in Figure 3-9. By changing the QD size the
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electroluminescence is tuned from A= 1.33 to 1.56 um with a full width at half maximum

of <160 nm (< 0.11 eV). This represents only a portion of the accessible QD tuning

range, as the lowest energy optical absorption peak of our PbSe solutions can be tuned

from 1.1 eV (corresponding to wavelength A = 1.1 pm and 2.6 nm diameter QDs) to 0.56

eV (A =2.2 pm, 9.5 nm diameter).
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Figure 3-9: Device characteristics of infrared emitting QD-LEDs. The QDs in these devices are
different sizes of PbSe cores with oleic acid caps, enabling (a) the continuous tuning of
electroluminescence from 1.3um to 1.55um. In (b, inset) the current-voltage characteristics are

shown relative to an all-organic control device, and (b) shows the external quantum efficiency versus

current density for a typical infrared QD-LED.
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Established technologies such as inorganic LEDs, lasers, photodetectors, and
modulators have been developed and optimized in the near infrared (NIR) to address the
needs of optical communications, chemical spectroscopy, and chemical sensing. These
devices have high performance and long lifetimes, but the associated fabrication and
material costs are high and therefore prohibitive for cost-constrained applications that
require large area devices. New device paradigms that use less expensive fabrication
processes and materials would enable the more widespread use of active NIR
optoelectronic devices. Molecular and polymeric organics are among the materials that,
in principle, meet these criteria, but as yet they are not readily available with efficient
tunable emission beyond the wavelength of A = 1um, even when inorganic complexes are
used as the emitter in doped organic structurest'®” "% In this study we generate NIR
electroluminescence (EL) by using inorganic PbSe nanocrystals in solution processible
organic structures. Although our reported efficiencies are low, the demonstrated QD-
LEDs are controllably tuned across the NIR spectrum and have the potential to be further
improved based on the high solution PL efficiencies of the starting materials and our
previous studies”> "®! of efficient CdSe QD-LEDs.

The low gL of our devices is the result of the lowered quantum efficiency of
films of close packed QDs and a device design that is optimized for visible emisison.
While PbSe QDs have been shown to be very efficient NIR emitters in solution, the
e drops to 0.5 to 1.5% in thin film form. This is due to a reduction in the number of
available capping molecules to the QDs in thin film form, as well as exciton energy
transfer within the QD film, both of which have been shown to reduce 7pr in QD solids.

Extrapolating from other QD material systems, it is reasonable to assume that the
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development of a core-shell PbSe QD would result in higher solid state 7pL. Our active
layer thickness and choice of organic semiconductors was originally designed for visible
emitting organic LEDs. For the long wavelength devices described in this thesis, the
optical mode overlap with the emissive QD layer is poor. Designs using a transparent
highly conductive cathode would allow optimization of the distance between the metal
and the emissive QD monolayer without incurring an increase in the operating voltage®
191 We further note that the choice of ITO as the anode in our devices is not ideal, since
the transparency of the 150 nm film is only 70% at A = 1.5 pm.

Previous work has suggested that Forster energy transfer and direct charge
injection are both potential mechanisms for QD excitation within QD-LEDs. (We find
that radiative excitation of the QDs by green Alqs EL (spectral peak at A = 530 nm) is a
negligible source of QD NIR emission.) Exciton energy transfer should be possible for
excitons created in the organic layer close to QDs despite the large capping group length
(~1.8 nm). In contrast, photoconductivity experiments indicate that the 1.8 nm tunnel
barrier is sufficient to reduce direct injection of charge carriers from the semiconducting
organics into the QD core by several orders of magnitude relative to a QD capped with a

shorter chain capping molecule!!'”,

For both mechanisms, however, shorter chain
capping groups would serve to increase the likelihood of QD excitation. If we assume a
Forster energy transfer process, the energy of the transferred exciton from Alg; molecules
to QDs would initially be 2.4 eV (corresponding to the excited state of Algz). The

generated QD exciton would then loose ~1.6 eV before occupying the lowest energy state

from which QD emission originates. Since PbSe QD #pr. is constant over a wide range of
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excitation wavelengths, PbSe QD-LEDs with higher power efficiency could be realized if
organic transport materials with smaller optical gaps were utilized.

To accurately measure the efficiency and the EL spectrum of QD-LEDs it is
necessary to maximize the detected NIR emission and attenuate the emission signal of
both organic and blackbody radiation by using appropriate spectral filters, detectors, and

detection geometry!''!l,

In our quantum efficiency measurements, the NIR signal
(1-50 nW) is maximized by using a minimum distance between the emitter and a large
area detector (3 mm distance, 3 mm diameter Newport 818-IR-C/M Germanium
detector). The spectral measurements were performed using an InGaAs photodiode array
cooled to 173 K (Roper Scientific OMA V) and monochromator with a fiber bundle
input. The fiber bundle was coupled to the device substrate to maximize the input signal.
For both efficiency and spectral measurements, the visible emission is filtered out using a
double sided polished, 500 um thick, Silicon wafer. The three lowest order diffraction
peaks of Alqgs (at A = 530 nm, 1060 nm, and 1590 nm) that are otherwise detected by the
spectrograph are completely eliminated when the Si filter is in place. Finally, the
possible detection of blackbody radiation must be accounted for. Our 1 mm diameter
devices were run at currents as high as 10 mA and 20 V operating voltages,
corresponding to 200 mW of peak input electrical power. The power efficiency of these
devices is no better than 0.1%, implying that 99.9% of the input power is converted to

heat!''?],

While a large portion of this heat will be lost to the surrounding air by
conduction and convection processes, there is no doubt that some device and substrate

heating to above room temperature does occur. Blackbody radiation at 300 K to 350 K

has the bulk of its emission in the A = 17 um range, but a measurable quantity of emission

87



isinthe A =1.1 ym to 1.7 pm detection window of Ge and InGaAs detectors. Our actual
detected power in this spectral window was in all cases greater than 1 nW. A
temperature rise of 70°C over the 150 mm® area of our substrates would be required to
generate 1 nW of power in the spectral detection window. Our device could not support
such a rise as the glass transition temperature of TPD is 65°C!""*!. Furthermore, substrate
inspection indicates that QD-LEDs are not warm to the touch during operation. A
temperature rise of less than 10°C corresponds to <20 pW of detectable radiated power,
and thus a <2% error in measurement of QD-LED NIR #g;. This analysis shows that the
detected power is therefore not a result of either blackbody radiation or visible organic
EL, and is in fact due to the band edge emission from the QDs.

In conclusion, we demonstrate large arca NIR EL from QD-LEDs. The LED
emission is tuned from A = 1.32 to 1.56 um as the PbSe QD diameter is changed from
dcore = 4 to 5 nm, without any modification to the device structure. Processing of the
colloidally grown semiconductor QDs and the organic small molecules from the same
solvent allows for the simple fabrication of double heterojunction devices, where the NIR
emissive layer is only one monolayer thick. Using CdSe QD-LEDs as a model, we
expect significant improvement of PbSe QD-LED performance through both device

engineering and chemical optimization of the materials.

3.8 Conclusion
The fabrication of QD/organic bilayers via phase separation during spin-casting is

a robust and general process. It has already been shown to be a useful technique for the
creation of new optoelectronic device structures, enabling the creation of high efficiency

QD-LEDs. In addition to the creation of single monolayers of QDs on top of organic
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semiconductor contacts, this process enables the creation and study of large scale hep
crystal (super-lattice) domains of only two dimensions, which may be fabricated in
seconds. The size scale of these domains is controllable, with a demonstrated maximum
grain size in excess of a square micron. The upper limit of the grain sizes that could be
formed certainly has not yet been reached. The facile assembly of large area arrays of
nanoscale active elements, enabling the creation of macro scale devices from nanoscale

materials, is an essential step to transitioning nanoscience into nanotechnology.

3.9 Experimental

3.9.1 Phase Separation

A known quantity of the organic material is weighed out dry, solvated in the
chosen solvent, and stirred until completely dissolved. Some quantity of QD solution is
then added, to yield both the desired organic to QD ratio, as well as overall concentration
of solution. For example, in the bilayers used in Fig. 4(a), the final solution contained
10mg/mL of N,N’-diphenyl-N,N’-bis(3-methylphenyl)-(1,1’-biphenyl)-4,4’-diamine
(TPD), and 9mg/mL of QD sample solid dissolved in chloroform. For simplicity and
reproducibility all of the QDs are handled as stock solutions. The final concentration of
particles in the spin-casting solution is determined by accurately measuring out a volume
of this QD stock into the already prepared solution of organic small molecules. This
mixture is then spin-cast onto a substrate. The entire substrate surface must be wetted by
the solution before spin casting begins. The separation process is observed for a wide
range of spin-casting parameters such as speed, acceleration, spinning time, and
atmosphere (gas, temperature, solvent content). For the best control and consistent

reproducibility of bilayers, we use a single spin speed (3000 rpm), a maximum starting
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acceleration (10,000 rpm/s), and a long spinning time (60s) to insure complete
evaporation of all solvent. Film properties can then be tuned by changing the solution

composition.

3.9.2 Quantum Dot Clean-up Procedure
The QD growth solution is purified by solvent precipitation twice before spin

casting. A typical procedure is to a) crash the QDs out of growth solution using an
incompatible solvent b) centrifuge c) pour off supernatant d) rinse with incompatible
solvent ¢) redisperse in compatible solvent f) crash out with incompatible solvent g)
centrifuge h) decant supernatant i) rinse with incompatible solvent j) decant k) redissolve
in compatible solvent 1) filter m) pull vacuum on solution until completely dry n)

redisperse in spin casting solvent to make stock solution.

3.9.3 Monodisperse PbSe Quantum Dot Synthesis
A solution of Immol of lead acetate trihydrate (Aldrich, 99.99%) and 2mmol of

oleic acid (TCI America, 99%) in 12 mL of trioctylphospine (TCI America, run once
through a column of basic activated aluminum oxide) is degassed for 2 hours at 300-500
mTorr and 100-120°C. 5mL of 1M trioctylphospine selenide is injected at 140°C and
grown for 4.5 min while the temperature is ramping back up to ~140°C. After the growth
time, the heating mantle is removed, allowing the solution to cool to room temperature.

See Fig. 9 for absorption and emission spectra of such a QD preparation.
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Figure 3-10: Absorption and photoluminescence (PL) emission spectra of a typical PbSe oleic acid
capped QD sample (core diameter is 5.0nm in this example) prepared by the route detailed in the
Experimental section of this work. The PL full width at half of maximum is 115nm (66meV), peaked
at wavelength A = 1470nm. The first absorption feature peaks at A = 1452nm.
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4 Micro-Contact Printing
The previous chapter detailed a fabrication method enabling the formation of

large area monolayers of colloidal QDs self-assembled onto organic semiconductor
surfaces. This fabrication is robust in many ways, but does not allow for the lateral
patterning of such monolayers, a critical component in making QD-LEDs a viable display
technology. In this chapter, the technique of QD micro-contact printing is discussed,
enabling the creation of three color QD-LED substrates for the first time. Subsequent
chapters will then discuss QD-LED device operation, pathways to commercialization,

and future research directions.

4.1 Introduction
Semiconductor nanocrystals (quantum dots, QDs) which are highly monodisperse,

photoluminescence efficient, and emission wavelength tunable can be seen as an ideal
lumophore for the creation of light emitting devices for almost any application. Such
QDs are solution processable, and hence compatible with thin-film deposition techniques
such as spin-casting, drop-casting, and dip coating. However, QD solids have poor
electrical transport properties in solid state devices, inspiring the use of single
monolayers of QDs in active devices so as to utilize their beneficial light emission
properties while minimizing their impact on electrical performance. Such QD
monolayers are typically self assembled out of solution, either by spin-casting, Langmuir-
Blodgett techniques, or drop-casting. However, these assembly techniques place
requirements on the substrate onto which the monolayer is deposited, and do not allow
the QD monolayer to be laterally patterned. These two traits make the available

techniques far from ideal for assembly of multiple color LEDs onto the same substrate, or
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for device engineering. To solve both of these problems we have extended the method of
micro-contact printing to QD monolayer deposition. This chapter describes the micro-
contact printing of QD monolayers, utilizes these monolayers in making saturated color
red, green and blue QD-LEDs, demonstrates placing multiple QD-LEDs of different
colors onto a single substrate, and demonstrates the micron scale (<100um) patterning of
QD-LED pixels via this micro-contact printing technique. This represents the first use of
micro-contact printing of QDs in the creation of electroluminescent devices, towards the
realization of QD-LED full color displays.

Much work has been dedicated to the assembly of large area monolayers of QDs.

d[62, 67]

All of these techniques either place constraints on the substrate use , require the

addition of chemicals that effect the electrical or optical properties of the layer™ 62! or
subject the substrate to harsh conditions'®”. Hence, adapting any of these techniques to
the creation of active electrical devices such as QD-LEDs would require the device to be
designed around the deposition technique, leading to non-ideal structures and therefore
performance. In addition, once such a device is fabricated a method for the in-plane
patterning of adjacent devices is necessary for creation of three color displays from QD-
LEDs. Some initial work has been done on patterning of QD layers as well[6>-67-114.115]
but has not been integrated into a device fabrication procedure. Our approach is to
develop a technique for the patterning of such QD monolayers while simultaneously
allowing for as much flexibility in device design as possible. Indeed, the ideal QD

fabrication technique would involve the dry (solvent free) application of an already

patterned QD film to any substrate, removing all solubility and surface chemistry
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requirements on the substrate which are typical and to some extent assumed within the

field.

4.2 QD Micro-Contact Printing Process

Figure 4-1 depicts a flow chart outlining the basic steps in the process. First, a
silicon master is made using standard semiconductor processing techniques (alternatively,
for a non-patterned deposition, a blank Si master can be used). Poly dimethyl Siloxane
(PDMS, Sylgard 184) precursors arc then mixed, degassed, poured onto the master, and
degassed again, and allowed to cure at room temperature (or above room temperature, for
faster cure times)(Figure 4-1, step 1). The PDMS rubber “stamp” is then freed from the
master, and cut into the desired shape and size. This stamp is then coated with a
chemical vapor deposited Parylene-C layer, anywhere from 0.1-2pm thick, depending on
the pattern to be reproduced (Figure 4-1, step 2). This stamp is then inked through a
simple spin-casting of QDs in a solution of chloroform (concentration I-10mg/mL
depending on desired outcome) (Figure 4-1, step 3). The inked stamp can then be
inverted onto a substrate, and with gentle pressure applied for 30 seconds, the ink will
transfer completely to the new substrate (Figure 4-1, step 4). Figure 4-1 (a,b) depicts an
ITO coated glass substrate, which has alrcady had hole tranport and/or hole injection
organic semiconductor layers (HTL and HIL respectively) thermally evaporated on top of
it. The patterned QD monolayer is transferred to this HTL layer, and the rest of the
device (electron transport layer (ETL), electron injection layer (EIL), metal contacts) can

then be grown on top of the QDs (Figure 4-1, step 5).
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Figure 4-1: A flow chart outlining the basic steps in the fabrication of QD-LEDs using microcontact
printing of QDs. First, a silicon master is made using standard semiconductor processing techniques,
which is then transferred to PDMS (step 1). The PDMS rubber “stamp” is then coated with a
chemical vapor deposited Parylene-C layer (step 2). The stamp is then inked through a simple spin-
casting of QDs in a solution of chloroform (step 3). The inked stamp is then inverted onto the ITO
coated glass substrate (step A), which has already had hole tranport and/or hole injection organic
semiconductor layers thermally evaporated on top of it (step B). The ink (QDs) is transferred
completely to the new substrate (step 4) and the rest of the device (electron transport layer, electron
injection layer, metal contacts) is then grown on top of the QDs (step 5).

95




Figure 4-2 demonstrates the surface relief that is observable through atomic force
microscopy (AFM) after the stamping process. In the case of Figure 4-2 (a), (CdS)ZnS
QDs are deposited using a planar stamp with submonolayer QD coverage, onto a TPD
surface. Figure 4-2 (b) shows the result of using PbSe QDs with a patterned stamp. The
master is created using interference lithography, yielding a two dimensional array of
150nm features on a 300nm period in both dimensions. This pattern is then replicated on

the stamp, and finally on the QD layer transferred onto silicon.

Figure 4-2: Atomic force microscopy (AFM) images of the surface relief that is observable at step 4
of Figure 4-2. a) shows the QD monolayer after transfer onto an organic semiconductor surface,
using an planar (not patterned) stamp. b) shows the partial QD monolayer resulting from transfer
onto a Silicon surface using a patterned (150nm circular features on a square grid) stamp.

4.3 QD-LEDs via Micro-Contact Printing
Figure 4-3 shows the optical device characteristics for the red, green, and blue QD-

LEDs fabricated using our QD microcontact printing technique, while Figure 4-4 shows
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the electrical performance of the same devices. Red, green, and blue emitting QDs were
all printed onto a thermally evaporated thin film of 4-4’-N,N’-dicarbazolyl-biphenyl
(CBP) (HTL). The QD deposition is followed by the deposition of the hole blocking
layer (HBL) 3-(4-Biphenylyl)-4-phenyl-5-tert-butylphenyl-1, 2, 4-triazole (TAZ) and the
ETL, tris-(8 hydroxyquinoline)aluminum (Alqs), and finally an evaporated Mg:Ag/Ag

cathode (50:1 Mg:Ag by weight).
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Figure 4-3: Red, green, and blue emitting QD-LED device luminescence characteristics. The
normalized electroluminescence spectra of red, green, and blue QD-LEDs are shown (top) alongside
digital photographs of individual pixels emitting their characteristic light color. The colors of the
lines in each plot correspond to the color of light that the device is emitting. The CIE Chromaticity
Diagram (below) shows where those colors being emitted by the respective devices show up on the
relative to the HDTV standard color triangle. The triangle described by these three QD-LED
vertices encompasses 1.3 times the area of the HDTV standard color gamut.
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Figure 4-4: Electrical performance data of the same micro-contact printed QD-LEDs as shown in
Figure 4-3. Again, the colors of the lines in each plot correspond to the color of light that the device
is emitting. The top plot shows external quantum efficiency versus current data, showing trends
similar to those of OLEDs. The current-voltage curves below are show the turn-on voltage of each of
the devices to be between 2 and 5 volts. The inset shows the device structure as fabricated in all three

colors of QD-LEDs.
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4.4 Discussion
The ability to now separate the deposition of the organic HTL/HIL from that of our

QD monolayers has allowed us to explore the use of other molecules for the HTL/HIL
and as a result led us to the large band gap organic semiconductor, CBP. Our previous
work on QD-LEDs employed the use of N,N’-diphenyl-N,N’-bis(3-methylphenyl)-(1,1’-
biphenyl)-4,4’-diamine (TPD) as the HTL, simply due to its good solubility in
chloroform and chlorobenzene compared to many other HTL candidates. We have found
that the larger band gap CBP molecule produces far better color saturation in our devices
as can be seen in Figure 4-3. Color saturation refers to how pure a color appears to the
human eye and is quantified in the Commission International d’Eclairage (CIE)
Chromaticity Diagram, shown in Figure 4-3(bottom), by calculating coordinates on the
CIE diagram based on the emitters wavelength and bandwidth (full width at half
maximum). The greater color saturation could be attributed to the larger downhill energy
transfer process now available with the use of CBP!6 M7 wwhich results in a decrease in
the intensity of organic emission and an increase in intensity of QD emission, leading to
the larger ratio between the QD electroluminescence (EL) and organic EL. The observed
increase in ratio of QD EL to organic EL in our devices is also due to the ever increasing
photoluminescence (PL) quantum efficiencies of the QDs themselves. Over the past
decade the chemistry of QD synthesis has developed dramatically with PL quantum
efficiencies approaching 80 to 90%, and because there is no fundamental reason limiting
their quantum efficiency it will likely approach unity within the next 5 years. The
superior color saturation of our red and green QD-LEDs is represented by their position
on the CIE diagram relative to the current High Definition Television (HDTV) standard

color triangle as seen in Figure 4-3. The blue QD-LED CIE color coordinates lie just
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inside the HDTV standard color triangle and is a result of the red tail seen in the blue
QD-LED EL spectrum. This red tail we believe is the result of a mixed state between the
two large band gap HTL and HBL (exciplex emission) in our device structure. An
exciplex is a transient complex formed between the excited state of a donor molecule and
the ground state of an adjacent acceptor molecule. This exciplex emission is not seen in
the red QD-LED device most likely because those energy states from the exciplex are
Forster energy transferred to the red emitting QDs. The green QD-LED exhibits only a
very small amount of this exciplex emission probably due to the excellent film coverage
of the monolayer of green emitting QDs, which separates the HTL from the HBL and
therefore their interaction, as well as the high PL quantum efficiency (40%) of the QDs
themselves, which contributes to the large QD EL intensity relative to the organic exiplex
EL. Another contributing factor is that when the devices are run at high currents
(~100uA) the exiplex emission peak shifts from ~620 nm to ~ 520 nm, which is right
over the green QD emission peak and is either covered completely by the green QD
emission or is Forster energy transferred to the green emitting QDs. The blue QD-LED
devices will improve as the blue emitting QD PL quantum efficiency increases (currently
20%). Figure 4-4 shows the external quantum efficiency (EQE) of our red, green, and
blue QD-LEDs and demonstrates how the EQE of our devices scales with the PL
quantum efficiency of our QDs. Currently our red EQE is 1.2% using QDs with PL
quantum efficiencies of 70% after processing and preparing for device use (as described
in 3.9.2 Quantum Dot Clean-up Procedure, above), our green emitting QD-LEDs have
EQEs of 0.5% using QDs with PL quantum efficiencies of 40%, and our blue EQE is

0.25% using QDs with PL quantum efficiencies of 20%. All three color QD-LEDs have
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reproducible and stable current-voltage (IV) characteristics, with turn on voltages of
between 2-5 volts and operating voltages of 8-12 V as seen if Figure 4-4. Display

brightness (100 Cd/m?) is achieved at ~2 mA/cm? and ~10 V for these QD-LEDs.

The continuous tunability of QD emission wavelength allows us to fine tune the
color of QD-LEDs. In the design of red, green, and blue devices, we assume an
application to visible displays where color saturation is of importance. Thus, we choose
center wavelengths for the QDs in each device to maximize the lumens per optical Watt
of the emission spectrum while maintaining the color saturation in excess of the current
National Television System Committee (NTSC) standard color triangle. The appropriate

choices are 470nm, 530nm, and 610nm for blue, green and red QD-LEDs, respectively.

The most promising result of this QD micro-contact printing technique is the ability
to place different color emitting QDs on the same substrate in a pattern towards pixilation
for full color display applications. Sub-pixel dimensions for full color displays are
typically on the order of 25-100 um. Here we demonstrate that this technique enables
patterned QD-LEDs with 25um line widths (though Figure 4-2(b) allows us to project
this dimension to be much smaller in the future). Figure 4-5(a) shows the result of
stamping an area of green emitting QDs next to an area of red emitting QDs on the same
Y2 inch substrate. The three devices that have been turned on in Figure 4-5 are adjacent
red and green emitting devices as well as a device on an area where no QDs have been
stamped (ITO/CBP/TAZ/Alq3/Mg:Ag/Ag organic LED). Figure 4-5(b) demonstrates the
real potential of this technique to achieve less than 25 um patterning toward pixilation for
QD-LED displays. Here red emitting QDs have been printed using a stamp that was

patterned with lines having dimensions of 2 pm in height and 25 um line widths on a
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50um pitch. The size of the device that has been turned on is 1 mm in diameter and the

red lines that lie within this device are the 25 um patterned red emitting QDs.

Figure 4-5: Digital photographs of working QD-LED devices demonstrating the capability to stamp
different color emitting QDs on the same substrate and pattern the monolayers of QDs as well
through the use of microcontact printing. a) Two adjacent areas on the same substrate were stamped
with a monolayer of red and green emitting QDs and three different devices were turned on, a device
made over an area where red QDs had been stamped, a device over an area where green QDs had
been stamped and a device over an area where no QDs had been stamped (emitting blue). The dark
circles in the image are the cathodes of LEDs which do not have any bias applied across them, and
hence are not actively emitting any light. b) A device area was defined by the size of the cathode (1
mm in diameter) and within that area a layer of red emitting QDs was deposited. Red light can be
seen emitting from the pattern in which they were stamped (25 pm width lines, on a S0pm pitch).

4.5 Conclusions
In conclusion, we demonstrate red, green, and blue emitting QD-LEDs that are

efficient, with high color saturation compared to organic LEDs and liquid crystal
displays, and which can be patterned towards pixilation for full color display applications
by means of micro-contact printing of single layers of nanocrystals. The use of micro-
contact printing of nanocrystals to fabricate LEDs shows tremendous potential in

becoming a next generation flat panel display manufacturing technology. It is inherently
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simpler than both inkjet printing and contact shadow masking, has the potential to be
efficient in materials usage and to scale easily to large area batches and continuous roll-

to-roll processing.
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5 Device Operation

The previous chapters described two novel QD thin film fabrication methods,
enabling the formation of QD-LEDs with high color saturation and quantum efficiency.
In this chapter, we explore the details of QD-LED operation. While there is no definitive
proof of the operating mechanism of our QD-LEDs, the series of experiments below give
us insights into device operation, and suggest steps that can be taken to further optimize
performance. Subsequent chapters will discuss such future directions for QD-LED

research, as well as the commercialization potential of QD-LED displays.

5.1 Exciton recombination zone width
In exploring QD-LED device operation, we must start with a few simple

assumptions. For uniformity of argument, we first define the QD-LED device structure
which we will analyze (see Figure 5-1(a)). The primary simplification here is the
removal of the TAZ or hole blocking layer. In general, devices which include this layer
will have similar operation, with exciton generation and recombination occurring at the
HTL side of the heterojunction rather than on the ETL side. Second, we propose a band
diagram of this device structure as depicted in Figure 5-1(b). Literature values can be
used for the organic thin films as determined by experiment, as well as for the QD
monolayer as determined by calculation, though the error in all such techniques is on the
order of a few hundred meV (0.1-0.3 eV). Additionally, we note that the conduction
electron affinity of the CdSe QD will be dependent on core diameter, giving rise to a
300meV range for this value for tuning from green to red. We can then assume that

charge conduction through the organic thin films proceeds as in the absence of the QD
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monolayer (charge hopping mechanism, trapped-charge limited space-charge
conduction[gﬁ]), and focus on the role of the QD monolayer in conduction, exciton

formation, exciton diffusion, and emission.
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Figure 5-1: Archetype QD-LED device structure, and proposed band diagram showing electron
affinity (EA) and ionization energy (IE), or Fermi levels (Eg) for each of the layers that comprise the
device. All values are taken from the literature, based on experimental data for the organic thin
films""'®! and calculations for the QD values!®’.

Figure 5-2(a) shows the EL spectra of different QD-LEDs operated at low current
density (0.38-13 mA/cm?, Figure 5-2 (a)). The spectra demonstrate our ability to
fabricate devices using the phase separation technique which yield highly monochromatic
EL that is tunable from 540nm to 635nm, corresponding to the PL spectrum of each
(CdSe)ZnS QD starting solution. The EL of these devices has greater than 70% QD
emission. The remaining organic (Algs or TPD) EL is due to the presence of voids, grain

boundaries, and interstitial spaces in the QD monolayers that allow the creation of
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excitons on organic sites as depicted in Figure 5-3. For example, excitons generated in
region A, deep within the electron transporting layer, are more than the Forster energy
transfer radius (Rg) away from the nearest QD, resulting in organic EL. Similarly,

excitons in region B, within the monolayer void, will result in organic EL.
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Figure 5-2; Typical normalized QD-LED electroluminescence spectra of three different sized QD
samples measured at (a) low current levels (0.38-13mA/cm2), where most (>70% in all cases) of the
emission is from the QDs in the device, with only small spectral contributions from either Alq; (when
TAZ layer is omitted) or TPD (when TAZ layer is present) (b) moderate current levels (130mA/cm?2),
where two of the three spectra have a large fraction of EL from TPD (c) and a progression of
currents for a single device (from 0.38mA/cm? to 380mA/cm?). Note that the devices emitting at
540nm and 560nm are the same in 4(a) and 4(b). At low currents, a larger portion of the excitons are
created within a Forster energy transfer radius of the QD monolayer. For all devices,
0.2%<1]EL<0.5%.

400 700

Figure 5-2 (b) shows the EL spectra of QD-LEDs operated at higher current
density (130 mA/cm?). Comparing to Figure 5-2 (a), it is clear that the fraction of
emission coming from organic lumophores has increased. Figure 5-2 (c) demonstrates
this same effect for a single QD-LED operated over 3 decades of current densities, from
0.38 mA/cm’ to 380mA/cm”. This change in ratio of QD to organic EL signifies a

notable change in the exciton generation process.
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Figure 5-3: Graphic representation of exciton generation process within the QD-LED structure. At
high currents the width of the exciton generation region is expected to exceed the organic-QD Forster
energy transfer radius (Rg) (region A in the figure), resulting in an increased contribution of organic
(Alg; or TPD) luminescence to the EL spectrum. Excitons created at voids (region B in the figure),
interstitial spaces and grain boundaries of the QD monolayer may also be farther than Ry away from

the nearest QD.

In section 2.3 we noted that EL is generated by either direct injection of holes and

electrons into the QDs or by the Forster energy transfer of excitons onto the QDs from
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the neighboring organic molecules of higher exciton energy (note that the PL of TPD and
Alqg; overlaps with the absorption spectra of all QDs in this study). In the energy transfer
picture (see Figure 2-4) we can attribute the organic emission to the recombination of
excitons in the organic molecules which are at a distance >Rf from the nearest QD.
Therefore, at lower currents, either all excitons have energy transferred from organic
molecules to QDs, or alternatively, they are initially formed by direct charge injection on
the QD sites. We note that at the current density of 130 mA/cm?, at most 10° electrons
per second arrive at each QD site so that the rapid QD exciton relaxation (thin film CdSe
QD exciton lifetime 7gp < 30 ns (119} keeps the QD exciton density at <1%. Such a low
QD exciton population should not modify the organic-QD exciton transfer rate, and
consequently the change in the QD emission fraction with current is attributable to a
change in the exciton recombination region width.

Following an earlier study!'*"

we suggest that the exciton recombination region of
QD-LEDs broadens with increasing current, which we confirm by using an archetype
OLED system, DCM2 doped into a TPD/Alqs structure. The OLED cross-section is
shown in Figure 5-4(a), with the red laser dye DCM2 used in place of QDs. The dye is
doped at low concentration (2% by weight) in a Snm thick Algs layer, to closely model
the thin two-dimensional QD sheet that makes up the emissive layer of the QD-LED
structures. With this device we can study the performance of a very thin and extensively
characterized lumophore layer, eliminating QDs as a performance modifier. The spectral
dependence on current density is then measured over 4 decades of current. From the

normalized EL spectra in Figure 5-4(b) it is clear that the ratio of Alqs to DCM2 emission

rises with increasing current density. The observed changes in Figure 5-4 are consistent
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with the spectral changes of the QD-LED in Figure 5-2 (c). Equivalently, the organic
emission in the QD devices is a consequence of the very thin QD lumophore layer,
suggesting the need for better confinement of excitons near the QDs. To date, however,
fabrication of an effective exciton confinement structure has been complicated by the
difficulty in depositing a uniform thin (<10nm) aromatic film on top of an alkane capped

QD monolayer, as morphological studies have explored!’®.
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Figure 5-4: Normalized electroluminescence spectra from a DCM2 doped OLED shown in (a). The
five curves are at five different current levels, each an order of magnitude higher than the previous.
At the lowest current density (0.13mA/cm2) the device is nearly monochromatic, emitting only from
DCM2 sites. As the current is increased, a larger fraction of the emission is from the Alq; sites. Inset
is a plot of emission fraction versus current density for Alq; and DCM2 EL.

5.2 Time resolved photoluminescence
Photoluminescence studies are useful to investigate the role that excitons play

within our devices. Because excitation by light is essentially injecting singlet excitons
into the structure, such experiments are limited in the information they can provide

regarding conduction processes. Time resolved photoluminescence measurements allow
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us to study not only static exciton locations, but also exciton migration within a thin film
structure. A typical measurement set-up is shown in Figure 5-5. 400 nm laser pulses (10
fs pulse width, 10 MHz repetition rate) were obtained from a frequency doubled output of
a Ti-sapphire laser (Spectra Physics Tsunami) and directed towards a sample as an
excitation source. Luminescence then was collected by focusing the output to a Streak
Camera, allowing simultaneous collection of the time and wavelength resolved spectra
(such as shown in Figure 5-5, bottom right). All measurements were performed at room

temperature and under inert atmosphere to avoid photo-bleaching of thin films.
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Figure 5-5: Cartoon depiction of the time resolved photoluminescence measurement set-up used.
Various thin film structures were used as samples. The laser pump system is capable of tuned
outputs from 350nm to 900nm. A streak camera uses an optical grating to wavelength resolve the
input light, which is converted into an electron emission using a micro-channel plate. The electron
emission is then temporally resolved using a pair of deflector plates, and the output recorded on a
CCD array. The output signal is a 2D array of intensities, where one axis is time and the other
wavelength. Drawing courtesy of Conor Madigan.
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To investigate exciton migration processes in organic/QD hybrid thin film
structures, we fabricated two sets of films using the micro-contact printing method
discussed above. In the first set of films (Figure 5-6 (a, b)), an identical series of layers
are grown on a glass substrate, with the only variable being the location of the layers. In
the case of Figure 5-6 (a) the QD monolayer is separated from the Ir(ppy)s; doped donor
layer by a 20nm spacer of the wide band-gap organic molecule TAZ, while in Figure 5-6
(b) the QD acceptor layer is grown directly after the donor layer. The organic
phosphorescent donor dopant Ir(ppy)s; was chosen for it’s well documented properties
(triplet energy level 2.4 eV, triplet lifetime 0.8+0.1ps)!'?"'* and it’s suitability for
energy transfer to red QD samples. The long triplet lifetime makes resolution of its PL
decay easy to resolve from that of a typical CdSe QD, with a characteristic PL decay of

less than 0.1ps.

a | QD monolayer |

TAZ 20nm

DR | oo

TAZ 20nm TAZ 20nm
Glass Glass

Figure 5-6: Thin film structures used in time resolved photoluminescence study. In structure 'a', the
QD acceptor layer is deposited 20nm distant from the Ir(ppy); doped donor layer. In 'b' the donor
and acceptor layers are adjacent to one another.

When either sample of Figure 5-6 is excited with a pulse of 400nm excitation

light, light is absorbed by both the QDs and the Ir(ppy)s (negligible light is absorbed by
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the glass and TAZ). The collected data for Figure 5-6(a) is shown in Figure 5-7. In
Figure 5-7 (a), the raw data is shown, with blue corresponding to a low number of counts
on the streak camera, and redder colors corresponding to higher camera response. The
vertical axis resolves the wavelength of the collected light, while the horizontal axis
displays the timing of the light output. Figure 5-7 (a) shows the intense and long Ir(ppy)s
response at 550nm, as well as a less intense and shorter lived QD response, centered at
610nm. Figure 5-7(b) sums the raw data along the time axis to show the static PL output
of the sample, which is dominated by green Ir(ppy); emission. This data shows clearly
that the total light output of the Ir(ppy)s far exceeds that of the QDs when the two layers

are uncoupled.
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Figure 5-7: Time resolved photoluminescence data from the sample shown in Figure 5-6 (a). (a)
shows the raw data as collected by the streak camera, resolved in both time and wavelength, and (b)
shows the same data summed over all time, showing what the static PL spectra would look like.

However, much information is lost from this data if we only observe it over the
2us window shown in Figure 5-7. Zooming in on the 20ns window highlighted by the
white box in Figure 5-7(a), we can more clearly resolve the temporal response of the laser

excited QD layer. Figure 5-8(a, b) are similar to Figure 5-7(a, b), but shown over the first
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20ns window after the laser pulse excites the sample. Over this finer slice in time, the
Ir(ppy)s emission is still visible, but the QD emission can be seen more clearly allowing
us to see the PL decay function of the QDs when separated from the Ir(ppy)s; layer by

20nm of TAZ spacer layer.
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Figure 5-8: Time resolved photoluminescence data from the sample shown in Figure 5-6 (a), over the
time window shown as a white box in Figure 5-7(a). As in Figure 5-7, (a) shows the raw data as
collected by the streak camera, resolved in both time (over the 20ns window) and wavelength, and (b)
shows the same data summed over the time window, showing the contribution of the QDs to the
emission spectrum.

Next we perform the same analysis on the sample shown in Figure 5-6(b). Again
we focus on a 20ns window so as to resolve the QD decay (Figure 5-9(a)). This sample’s
response is significantly different than that of Figure 5-6(a), with almost no perceptible
emission at the wavelengths characteristic of Ir(ppy)s; (500-600nm) despite the fact that
the only variable in the experiment was layer location. Observation by eye confirms that
the emission from this sample is intense red light, as opposed to the intense green
emission seen for sample Figure 5-6(a). The summation over time if Figure 5-9 (a) gives
the spectrum of Figure 5-9 (b), which not surprisingly shows a nearly monochrome
spectrum of red QD emission. We assume that the Ir(ppy); absorption is not dependent
on its proximity to the QD layer (identical quantity of material deposited on the same

deposition run), and hence the number of initially created Ir(ppy)s excitons is not altered
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in this experiment. The nearly 100% quenching of Ir(ppy); emission then implies that the
excitons were quenched by the presence of the QD monolayer, and that this quenching
process is strongly distance dependent since the other sample (Figure 5-6(a)) did not

show this degree of quenching.
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Figure 5-9: Time resolved photoluminescence data from the sample shown in Figure 5-6 (b), over a
20ns time window. As in Figure 5-7, (a) shows the raw data as collected by the streak camera,
resolved in both time and wavelength, and (b) shows the same data summed over the time window,
showing the dominant contribution of the QDs to the emission spectrum. This is in contrast to
Figure 5-8, which shows similar contributions of both the Ir(ppy); and the QDs, despite having
identical quantities of each material in the thin film stack.
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Using the same data sets (Figure 5-8(a) and Figure 5-9(a)) we can also analyze the
QD PL decay versus time by summing vertically the region of QD PL over a window
from 590nm to 640nm. Renormalizing the data, and fitting bi-exponential curves to each
decay, we end up with the curves shown in Figure 5-10. Here, ‘adjacent’ and ‘separate’
refer to the structures of Figure 5-6 (b) and (a) respectively. The experimentally
significant change in the PL decay curves corresponds to the new relaxation pathway that
has been activated in the ‘adjacent’ sample. Here, not only have the Ir(ppy); excitons

been quenched by the presence of the nearby QD layer, but the lifetime of QD excitons in
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the sample has been prolonged. This is due to the laser excited Ir(ppy)s excitons energy

transferring with some non-instantaneous time constant to the QDs.
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Figure 5-10: Photoluminescence decays of the QD layers for the two sample of Figure 5-6. Adjacent
refers to Figure 5-6(b), and separate refers to Figure 5-6(a). The slower response of the adjacent
sample is due to the delayed exciton pumping by energy transfer from the excited Ir(ppy); molecules.
This shows that Ir(ppy); excitons are not only quenched by the QDs, but can also excite QDs to emit
radiatively.

This observation of anomalously fast Forster energy transfer rate inspired further
investigation of phosphor/QD hybrid thin film structures. In a follow-on study, three
structures were fabricated as shown inset in Figure 5-11: sample I is a thermal evaporated
40 nm film of 10% Ir(ppy)s doped into CBP, sample II is a monolayer of CdSe quantum
dots (7 nm diameter) micro-contact printed directly onto a glass substrate and sample III
is a monolayer of the same sample of CdSe QDs printed onto an identical film of 10%
Ir(ppy);:CBP. These three structures are then excited using a constant power excitation,

without altering the collection geometry, allowing a quantitative comparison of light
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output intensity. Figure 5-11 shows the total PL light collected for each of the three

samples.
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Figure 5-11: Integrated PL spectra of samples I, II, ITI. All measurements were obtained at the same
excitation source power. The PL of sample III can be constructed from the linear superposition of
samples I and II.

In Figure 5-11 we observe a decrease of Ir(ppy)s PL intensity in sample I1I
compared to that of sample I. The CdSe QD PL is enhanced in sample III relative to
sample II. This again indicates energy transfer from Ir(ppy)s to QDs, as expected from
the first set of experiments above. We can once again rule out QD reabsorption of
emitted green light due to the low absorption cross-section of the monolayer of QDs
used. To quantify the extent of energy transfer, we can decompose the sample I1I
spectrum into a linear sum of the two spectra of samples I and II. This tells us there is
62 % increase in intensity of QD emission while the Ir(ppy)s; luminescence is quenched

by 21 %.
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Figure 5-12 shows the time resolved data from all three samples. The PL decays
of samples I and II are simple to analyze, and clearly show the difference in decay times
between the QDs and the Ir(ppy)s. The PL decay of sample 111 is partitioned by
wavelength, and plotted as two separate lines in Figure 5-12. The Ir(ppy); peak partition
is taken as 510 — 560nm, and the QD window is defined as 600 — 650 nm. The initially
rapid drop-off of emission intensity within the QD window is the fast decay of the QDs
which are directly pumped by the excitation source. The Ir(ppy); emission tail is clearly
overlapping with the QD window, but this is taken into account in the dotted line decay
of Figure 5-12, where for 20 points the Ir(ppy); contribution to the emission spectrum is
subtracted from the total QD window. Even after this subtraction, it is clear that the QD
PL decay in sample 111 has been lengthened significantly. Additionally, the Ir(ppy);
decay has been shortened in sample III by the presence of the QD monolayer, consistent

with the Ir(ppy); acting as a donor for exciton energy transfer.
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Figure 5-12: PL decay of all three samples described in Figure 5-11. Two distinct wavelength
windows of sample III are separated, as well as the QD window decay with Ir(ppy); emission
subtracted. The QD temporal response matches that of Ir(ppy); after the initial fast decay of the
directly excited QDs (first hundred nanoseconds after excitation pulse). This is direct evidence that
the QDs are emitting light via energy transfer from the Ir(ppy); molecules, as QD emission would not
otherwise continue over the time scale of microseconds.

Figure 5-13(A) shows the instantaneous spectra of sample III at three points in
time, demonstrating the presence of QD emission even 1500 ns after the excitation pulse.
This can be compared to the sample I spectrum at identical time, showing the clear lack
of a peak at 630nm. This is further emphasized in Figure 5-13(B), where the Ir(ppy);
emission for each time is subtracted from the sample III spectrum, yielding spectra that
correspond to the QD emission precisely. Since this QD emission is simply not present

so long after the excitation pulse in sample 11, we conclude that this emission is due to the

119




exciton energy transfer from Ir(ppy); molecules, proving the possibility of energy transfer

in phosphot/QD systems.
T T T UL T ¥ fr‘u T
1000 F A ons. 7\ 4 B \ .
e . ) Sample | / \
“ .. \> \ In(ppy),:CBP ; \
’ / \
100 T A LA T =~ e .l ) -
— ) s \‘
o N
@, i I T o
3 10F . ' \
o ] ! A .
e ‘ % b ' Y
) |
T '. ' )
A A 1 i ll‘
I X M
0.1 m 1 1 i 1 1 1

A a
450 500 550 600 650 700 750 550 600 650 700 750

wavelength [nm]

Figure 5-13: PL spectra of sample III taken at 0 ns (referenced to the excitation pulse arrival), 500 ns
and 1500 ns, as well as the S00ns spectra of sample I for comparison. While the relative intensity of
the QD peak to the Ir(ppy); peak is decreasing with time, there is a signature of QD emission even
1500 ns after the excitation pulse arrival, a clear indicator of delayed excitation of the QDs by long
lived excitons on Ir(ppy); molecules. (B) shows the same three spectra, with the sample I emission
subtracted out to show only the QD contribution. The resulting spectra correspond to the QD
spectra of sample II.

Using this data, we may calculate an upper limit to the Forster energy transfer
radius of this system. The calculation will yield an upper limit only, since the energy
transfer of this experiment is exciton diffusion limited, and is thus a sum of the Forster
radius as well as a contribution due to exciton diffusion on Ir(ppy); molecules within the
40nm film. The rate of energy transfer between a donor molecule and a thin layer of

acceptors is described by!'*:

4
K, .= (—i—)(%) Equation 5-1
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Where 7 is a donor relaxation time, R is a distance from a single donor to the
acceptor layer, Rr is the Forster energy transfer radius, and Kp.4; is the rate of energy
transfer from donor molecule to acceptor layer. Relaxation rate of the donor in the
absence of acceptors is Kp = 1/7. In our case we are dealing with a film of donors
transferring energy to a monolayer of acceptors. Total transfer in this case can be
obtained by integrating over the donor film thickness (which can be assumed infinite in

this case)!'?*.

Equation 5-2

TOT R; =® QpdR ( 1 ) QR;
Kpiy =— =

7 kw2 R\ 7 )32b(h +a)®
Where p is a linear donor molecular density, Q is a percentage of donor molecules
doped into the host material, a is the QD radius, and b is the Ir(ppy)s molecular radius.
Efficiency of exciton transfer from donor to acceptor is:

70T
KD—AL

= AL Equation 5-3
K ToT K
p-ar T8p

Ner

Knowing #gr which is equal to the percentage of Ir(ppy)s PL quenched by
presence of QDs, we can use Equations 5-2 and 5-3 to calculate Rr. Earlier in this section
ner was found to be 0.21 (Figure 5-11). In our experiment amount of doping Q of
Ir(ppy); into CBP was 0.1. Taking all these parameters into account we calculate Ry to be
at most 13nm for this system. This number is consistent with Foérster energy transfer
radius calculation performed both for molecule-molecule systems!'?* as well as QD-

molecular systems!' >,
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In conclusion, enhanced PL of CdSe QDs can be achieved via Forster energy
transfer from a phosphorescent sensitizer, extending the PL relaxation time of CdSe QDs

to 1500 ns.

5.3 QD charging study

The previous two sections give us information on the location and dynamics of
excitons within QD-LEDs and QD/organic heterostructures, but tell us little about the
role a QD monolayer plays in conduction within our archetype QD-LED structure.
However, the recent advance of QD micro-contact printing allows us to fabricate a series
of devices that probe this effect. Figure 5-14 shows a series of LEDs fabricated using
identical growth conditions; all organic films were grown simultaneously on cach
substrate, and the QD layers were applied using the same QD solution spun within a ten
minute period of each other, and micro-contact printed subsequently. We label the
devices Device A — where the QD monolayer has been applied within the Algs layer,
Device B — where the QD layer is located at the organic heterojunction (our archetype
QD-LED), Device C — QDs embedded within the TPD layer, and Device D — control

device without any QD layer (our archetype OLED).
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Device A Device B Device C Device D

Ag 25nm Ag 25nm Ag 25nm
Mg:Ag 100nm Mg:Ag 100nm
£ — o

T

Ag 25nm
Mg:Ag

mo || IO ~ o || IO
Glass Glass Glass Glass
QD in Alg, QD in Interface QD in TPD No QD

Figure 5-14: Series of device structures fabricated to isolate the role of QD monolayers in conduction
processes within QD-LEDs. All devices are fabricated under the same conditions, with the organic
layers deposited simultaneously. Devices A, B, and C incorporate a micro-contact printed monolayer
of QDs within different regions of the device, while Device D is a control device without a QD
monolayer.

Figure 5-15 summarizes the current-voltage response of this series of devices. All
devices have low leakage current density at low bias voltage (< 3V), and hence all of the
traces start out at the lower limit of current detection of the ammeter (< 1 nA/cm?). The
first device to turn on is the control device, Device D. At 3V, this LED begins to pass
current which follows the typical OLED dependence of Joc V™! where for this device
m = 7, indicative of trapped-charge limited space-charge conduction. This trace is stable
over several scans, as are all the traces shown in Figure 5-15, as indicated by the multiple

lines presented for each device.
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Figure 5-15: Current density versus bias voltage plots for the series of device structures depicted in
Figure 5-14. The flat line portion of the plots does not indicate a constant relationship between
current and voltage, but rather is the lower detection limit of the ammeter used in the measurement.
All devices show a JcV™" dependence with m between 5 and 7, indicative of trapped-charge limited
space-charge conduction. The difference in operating voltages allows us to infer the different role
that the QD monolayer plays in conduction within each device.

Device C begins to pass a detectable level of current at ~4V, and with increasing
bias shows almost parallel performance to Device D. From this, we can conclude that the
operating mechanism and conduction pathways of the device are almost completely
unaltered. The slight increase in operating voltage can be completely accounted for by
the increase in total device thickness that arises due to the inclusion of the QD
monolayer. The effective thickness of this layer is ~10nm, which is a 10% increase in
device thickness. The effect of device thickness on operating voltage has been studied in
detail'*® for OLEDs, giving rise to a rule of thumb that for a given current, V o« t*, where

V is the bias voltage needed to yield the given current, and t is the total device thickness.

124




This rule of thumb is in good agreement with the increase in voltage observed between
Devices C and D. From this we can conclude that the QDs do not play an active role in
hole conduction when embedded within a HTL layer of an OLED.

Figure 5-16 further validates this conclusion, showing the normalized, spectrally
resolved light output of the devices shown Figure 5-14, and measured in Figure 5-15. In
these devices, the electroluminescence (EL) peak at 610nm corresponds to the QD
sample emission, and the peak centered at 525nm corresponds to Alqs EL. The control
Devices D allows us to compare the exact shape of the Alqs emission profile with the
emission profile of Device C, which is perfectly overlapping. Thus there is negligible
QD emission from Device C and we may conclude that the QDs play no active role in
conduction in this device, since this would correspond to some signature of QDs in EL

emission.
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Figure 5-16: Normalized electroluminescence (EL) spectra for the series of device structures depicted
in Figure 5-14. The peak at 610nm corresponds to the emission wavelength of the QD sample used in
this series of experiments, while the peak at 525nm corresponds to the EL spectrum of Alq; which
was used as the electron transport layer in this device series. Device B shows dominant QD emission,
and Device A shows some small percentage QD emission, while Devices C and D show EL spectra
that are entirely due to the emission of Alqs.

Returning to the current-voltage characteristic of Device A (Figure 5-15), we
again see the same basic plot, but this time at a greatly increased operating voltage as
compared to Devices C and D. Possible explanations of this increase are thickness, as
above, or inclusion of a deep trap layer within the device. If we try to correlate this to a
thickness increase, we calculate that the QD layer thickness is ~70nm, well in excess of
the experimental variation observed for both spin-casting and micro-contact printing of
QD monolayers. This leaves us with the conclusion that the QD monolayer in Device A

is acting as a deep trap to electrons in their conduction through the ETL. Further
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evidence of this is found in Figure 5-16, where the EL spectrum of Device A reveals a
minor component that is due to QD emission. This is to be expected if the QD monolayer
is populated with electrons, since the statistically small number of holes that are present
in the Alg; layer may now form excitons on the QDs, giving rise to QD EL. That QDs
act as deep traps to electrons when placed adjacent to an ETL within OLEDs is not
surprising given our proposed band diagram (see Figure 5-1).

Device B is our archetype QD-LED, and the spectrum shown in Figure 5-16 is
similar to those found in Figure 3-8 and Figure 4-3. The current-voltage characteristic of
this device is most similar to that of Device A, which is the expected result since they
both contain QD monolayers adjacent to an ETL. The slightly lower turn-on voltage of
Device B relative to Device A can be explained in terms of the greater availability of
holes to neutralize the charged QDs in Device B, where the HTL is adjacent to the QD
monolayer. The difference in slope of this device is not well understood, but could be
associated with the increase in trap depth the QD electrons experience relative to the

LUMO level of TPD rather than Alqs (see band diagram in Figure 5-1).

5.4 Conclusions
Taken individually, these three experiments each give us clues as to the operating

mechanism of QD-LEDs. Analysis of the EL spectral dependency on current density in
QD-LEDs containing sub-monolayers of QDs informs us of the source of non-QD EL in
our devices. Time resolved PL of QD monolayers adjacent to phosphorescent organic
molecules proves that efficient Forster energy transfer is indeed possible from excited
molecules to QDs. Study of the current-voltage and spectral characteristics of QD-LEDs

with QD monolayers placed in different locations of the device structure allows us to
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further understand the role of QD monolayers in charge conduction. Taken collectively,
we can make even stronger statements about device operation.

In our best devices (see for example Figure 3-8) the extremely monochromatic
spectrum tmplies very high surface coverage of QDs in the monolayer. This effectively
eliminates the effects of Chapter 5.1 from contributing to the device operation. Chapter
5.3 tells us that we can then assume that at most current densities, the complete QD
monolayer is significantly charged with electrons. However, we also know from Chapter
5.2 that any excitons on neighboring organic molecules will energy transfer onto the QD.
If this energy transfer was indeed the mechanism for efficient EL in our devices, than
changing these neighboring molecules from fluorescent to phosphorescent species is
expected to quadruple the observes EL external quantum efficiency. Repeated attempts
at this experiment (in various device structures) have failed to demonstrate an efficiency
increase — in fact it is usually coupled to an efficiency decrease despite the far greater ngL
that is achieved in these phosphorescent OLEDs which do not include a QD monolayer.
However, it is now possible to understand this failure in light of Chapter 5.3. In spite of
the increased number of excitons which Forster energy transfer to the QDs, the Auger
recombination process effectively quenches all such excited QDs, since they are also
statistically likely to contain an electron. This allows us to conclude that the efficient
emission process in our QD-LEDs is actually direct injection of charge (both holes and
electrons) into the QD to create neutral excitons which can then recombine radiatively
before an additional electron is injected. Creation of more efficient devices operating by
this mechanism requires a finely balanced injection of electrons and holes into the QDs,

something which the device band diagram (Figure 5-1) suggests will be challenging. The
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QDs are acting as deep traps to electrons, due to the much higher electron affinity of QDs
relative to Alqs;. However, the ionization energy of the QDs is much higher than that of
any known organic hole transport material, and thus there is actually a high (> 1 eV)
energy barrier to injection of holes into the QD. This barrier is lowered when a QD is
charged with an electron, due to the Coulombic attraction, but most estimates of this
Coulomb effect suggest that the barrier lowering is only 0.1- 0.3 eV. Use of high work
function hole transporting materials in place of organics is one area where future work is

likely to focus.

129



6 Conclusions

Incorporation of nanoscale active elements into OLEDs enables the creation of a
new set of devices, the properties of which can be tailored at the quantum mechanical
level. However, attaining such levels of control necessitates a separation of the creation
of the nanoscale elements (i.e. QDs, J-aggregates) and the macro-device fabrication. In
the case of QDs, it is the colloidal chemical growth process that enables the nanometer
scale control over the material properties. The phase separation or micro-contact printing
process then controls the precise positioning of these nano-elements within a large area
device. It is the combination of these two distinct nano-fabrication steps that enable
creation and control of QD-LED properties. Importantly, once we learn to manipulate
these two material sets to make hybrid structures, other possible applications open up as
well. Use of the nanometer period pattern that results from phase separation as a
patterning template is a foreseeable application that is now on the horizon.

In addition, the properties of known devices are improved through the use of this
nanotechnology. The color gamut that is accessible to QD-LEDs far exceeds that of
conventional OLEDs (as shown in Figure 6-1), due to the narrow FWHM of emission of
the QDs themselves. In addition, power savings are also likely due to the narrow QD
emission profile. If one assumes that device operating voltages and external quantum
efficiencies will converge for the two technology platforms, a QD-LED device has the
potential to be 50% more power efficient than the equivalent phosphorescent OLED,
based upon the spectral purity of the QD emission profile. QD-LEDs can be

continuously tuned in nanometer increments from the visible to the near infrared, as
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shown in Figure 6-2, as opposed to OLEDs, for which color tunability requires major

changes to complex molecular syntheses.
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Figure 6-1: Emission spectrum comparison of QD-LEDs versus phosphorescent OLEDs. The
lumophores used are FIrpic, ppy:Ir(acac), btpIr(acac) for the blue, green and red OLEDs
respectively, and (CdS)ZnS, (CdSe)ZnS, and (CdSe)ZnS for the blue, green, and red QD-LEDs
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Figure 6-2: Electroluminescence spectra of eight different QD-LEDs, demonstrating both their
range and continuous tunability. The visible LEDs incorporate CdS, ZnSe or CdSe core QDs,

131




QD-LEDs are a versatile test-bed for studying the electrical and optical behavior
of QDs in the solid state. Active devices allow us to probe the electrical properties of
single monolayers of QD solids. Furthermore, there is evidence that such devices could
satisfy the technological requirements of flat panel displays and imaging applications
which require the narrowband emission characteristic of QDs, as well as the efficient
creation of visible light in the blue and red regions of the spectrum. In a span of eight
years QD-LED efficiency has improved over two orders of magnitude reaching the
luminous and quantum efficiencies of fluorescent OLEDs. This rapid advance was
facilitated by the expanding knowledge of the OLED community whose developments
are largely applicable to the QD-LED structures. Indeed, we identify QD-LEDs as a kin
technology to OLEDs, potentially complementing their performance when highly
saturated color emission is desirable. It is conceivable that with further development,
QD-LEDs could reach the efficiencies of phosphorescent OLEDs since all of the
electrically generated excitons within a QD are allowed to relax radiatively. The
combination of inorganic luminescent properties with the advantages of organic
processing techniques suggests the possibility of creating robust, large area emitters with
physical properties that are tailored on the nanoscale. The present pursuit of QD-LEDs
has the potential for near term scientific and technological impact, as the fabrication and

synthetic processes are perfected.
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7 Future Work
This work has to date yielded QD-LEDs from blue to the near infrared, two

general deposition methods for making large area assemblies of a single sample of QDs,
and an understanding of the operating principles behind QD-LEDs. We can now apply
what we have learned about QD-LED device structures to create truly high efficiency
QD-LEDs, approaching the theoretical limit of 100% internal quantum efficiency. It is
our hope that QDs will be the clear choice amongst blue emitting materials, and will thus
be a major focus of continuing OLED research. Finally, it should now be possible to
create a white LED from a mixture of the three emitters used in the sub-pixel devices.
Such as device could be of significance to the Next Generation Lighting Initiative and
other programs funded by the government in an attempt to lower the power consumption
of white indoor lighting, which currently consumes 25% of total power in the U.S. QD
photodetectors, solar cells, and all inorganic QD-LEDs as well as voltage driven QD-

LEDs are all on the horizon of QD devices incorporated into optoelectronic devices.

7.1 Mechanism of fabrication methods
The development of both phase separation and micro-contact printing processes

for QD monolayer deposition has enabled the creation and study of QD-LEDs. However,
our current understanding of how and why these processes operate effectively remains to
be completed. Certainly first strides have been made in both of these areas. In fact,
initial experiments on understanding the organic underlayer’s role in phase separation led
directly to the successful demonstration of the contact printing method. Additional
experiments quantifying the surface energies of all the materials involved will be critical

to furthering our understanding of this process, as will information on the effect of both
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organic small molecules and QDs on the drying dynamics of the organic solvents used in
phase separation (collected by thermal gravimetric analysis, mass spectrometry, etc.).
Understanding how and when in the drying process the QDs arrange into two-
dimensional sheets would also be beneficial in understanding the robustness of these

techniques for conversion into manufacturable industrial processes.

7.2 Pump-probe EL-PL experiments

Understanding the excited state of the QD during normal device operation is of
course critical in determining conclusively the mode of operation of the QD-LEDs
discussed in this work. Fabricating our archetype devices and running them under
normal bias conditions does not allow for analysis of this QD excited state. However,
simultaneous PL experiments during normal EL operation could provide some important
clues in this realm. If the QDs are predominantly charged under forward bias, their PL
quantum yield should be measurably reduced due to Auger recombination. However, if
the QDs are not charged, but rather only excited by relatively short-lived (10-30ns)
excitons, the effect on QD PL quantum yield will be greatly reduced. By pulsing PL
excitation , EL excitation, or both at different frequencies, much information could be

obtained from an operating device in situ.

7.3 Lifetime testing

Research to date has focused on improving the manufacturability and quantum
efficiency of QD-LEDs. To show their feasibility in commercial applications, however,
it is critical to demonstrate lifetimes that compare well with the state-of-the-art OLED
specifications. Currently, commercial OLEDs quote lifetimes of anywhere from 5,000 to

80,000 hours, though there is much discrepancy in the literature about both how to
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measure and report device lifetime information. Regardless, it is critical to QD-LED
commercial development to show that the nanocrystals do not negatively impact overall
device lifetime, and that indeed the lifetime is increased due to the stable, inorganic
nature of the QD crystals. At the time of this writing, work is underway to build a

lifetime testing set-up, and so it is our hope to have this data very soon.

7.4 All inorganic QD-LEDs
The creation of QD-LEDs based upon all organic LEDs was a natural starting

point for our resecarch. OLED fabrication processes are in many respects compatible with
QD materials. Replacement of the unstable organic lumophore of an OLED with an
inorganic, and hence more stable, QD is one motivating factor in this substitution.
Successful demonstration of this QD-organic-LED (QD-OLED) points out the desirable
properties of inorganic materials in optoelectronic devices. Indeed, the remaining role of
organic materials in this QD-OLED is charge transport, something with all
semiconductors, not just organic semiconductors, are capable of providing. Inorganic
semiconductors in fact have better band alignment with the hole and electron levels of the
inorganic QDs which we use. It is the amorphous nature of the organic semiconductors
which allows us to grow them inexpensively over large areas, on any substrate (non-
epitaxially). However, amorphous inorganic semiconductors are also abundant, and can
indeed be grown over very large areas in many high throughput manufacturing processes
(such as the FPD industry). This leads us to the concept of a QD-inorganic-LED, or QD-
ILED. Figure 7-1 summarizes the band gaps of some potential candidate materials for
transport layers for the QD-ILED. Work is already underway to realize this QD-ILED in

the lab. At the time of writing, saturated light emission has been measured from such a
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device, although the external quantum efficiency is extremely low (mex < 0.001%). This
project has much promise, not only because of the higher stability QD-LED which will
result, but also because this could represent the first step along the path of realizing
electrically pumped QD lasers. Optically pumped QD lasers have already been
demonstrated"?”), but the lack of an effective charge delivery scheme has to date

prevented this next step from being taken.
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Figure 7-1: Energy band gaps of a selection of inorganic semiconductors. Both chalcogenides and
oxides could be useful materials for inorganic transport layers in QD-ILED devices. Any material
with a band gap greater than 2.7 eV that can be grown near to room temperature is a candidate for
this application. (Source: Konenkamp, 20001

7.5 Solid State Lighting (White) QD-LEDs

The majority of this work has focused on the narrow band light emission inherent
to QD samples with narrow size distributions. The direct result of this is QD-LEDs with
a correspondingly narrow EL spectrum and hence high color saturation, a desirable trait

for display applications. However, the other prevalent light emission application, general
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white lighting, can also benefit from this property. In order to create high quality white
light efficiently, it is necessary to emit across the visible wavelengths such that emission
spectrum closely matches that of a high temperature blackbody source. This is because
our definition of high quality white is connected to the light produced by the sun, as
measured by the quantities color temperature, and color rendering index (CRI). The
former measures the blackbody temperature that most closely matches the produced
spectrum, and the latter measured the ability of a human to view standard dyes under
illumination by a light source on a scale of 0 to 100. An ideal general lighting source will
allow a user to both choose the color temperature which is most appropriate for a given

setting, and to achieve extremely high CRI at that color temperature.

1200000 CIE (0.34,0.36) © T5500K 1200000 - CIE (0.33,0.35) o T5500K
Gauss simulation Gauss simulation
E 1000000 € 1000000 -
[5e] Lo
£ E
3 500000 3 800000
& z
2 :
& 600000 - & 600000
> 3
s g
S 400000 € 400000 -
w w
3 5
.g’ 200000 %
3 E 3 200000
0 0
Wavelength [nm] Wavelength [nm]

Figure 7-2: Numerical simulation of mixing QD-LED emission to make an ideal white light source for
general illumination. Using four different QD samples (left) within one LED will generate white
light as defined by the CIE color coordinate system. However, the relatively large deviation from the
5500K color temperature reference spectrum will lead to a color rendering index between 60 and 70.
However, if we mix five different QD samples together (right) this deviation from the black body
spectrum is greatly reduced, and the CRI approaches 90.

QDs offer the ability to achieve this goal, while emitting no extra photons at
wavelengths that are useless to the observer. By utilizing a number of QD samples,

synthesized to emit efficiently at different wavelengths, a perfect white emitter could be
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achieved. Acceptable CRI can be achieved with as few as four or five different colors
(see Figure 7-2). The ease of QD band gap tuning during growth will enable quick
development of the appropriate set of samples. In addition, because large area lighting
does not require lateral patterning of materials, our phase separation technique can be
used as a single step fabrication method for both the HTL and the QD monolayer. This
architecture is ideal for a QD-LED based, stable, efficient, low cost, tunable color

temperature and high CRI solid state lighting solution.

7.6 QD Photodetectors

While the previous future directions focused on the process of light emission from
QD based devices, the opposite process also has applications. Using the QDs as a light
absorber and exciton generator, and then subsequently breaking up the exciton into
charge resulting in current yields either a photodetector or a solar cell. QD
photodetectors have the potential to be wavelength selective and to have very low dark
current, due to their insulating nature. This is of particular importance in the infrared,
where typical detectors are dominated by thermally generated charge carriers and must be
cooled to low temperatures in order to have acceptable noise thresholds. In addition, the
high absorption cross-section of a QD could allow for efficient light absorption in very
thin layers, leading to either high speed detectors or high efficiency solar cells. Much

[129]

study has already been completed in this area* ™, yielding zero-bias internal quantum

efficiencies of 1%. The device structure used to achieve this is shown in Figure 7-3.
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Figure 7-3: Energy level alignment in a three layer QD photodetector device. Photons are absorbed
on the QD multilayer only, creating excitons. TPD is used to accept and transport holes to the Ag/Au
cathode. Electrons are accepted by the intrinsic TiO, layer, and transported to the ITO anode. This
device is almost a perfect replica of our QD-LEDs, with charge flowing in the opposite direction to
produce electrical current from a light input.

Future work in this area could take advantage of the new fabrication techniques
developed in this thesis, though they would likely need to be adapted for thicker film
coatings. Additionally, any understanding of charge injection in QD-LEDs will have
direct applicability to QD photodetectors in understanding the charge extraction process.
Hence, though these two projects have often walked independent paths, it is clear that

there is much possibility for cross-fertilization of ideas between them.

7.7 QD Memories

Solid state non-volatile memory devices (NVMs) have gained widespread
commercial acceptance in recent years. They are used in applications where light weight,

fast access times, and low total storage capacity are required, such as portable MP3
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players and storage drives. The floating gate field effect transistor (FET) device is
typically used, where charge is stored on a floating electrode buried between insulators.
Charge may be written or erased from this floating gate via voltage spikes which tunnel
electrons to or from the gate. However, the leakage of this charge from the floating gate
to the transistor channel through the insulating layer is what currently limits storage
performance, and determines the density of memory cell packing on a chip. QDs could
have application to this floating gate layer, functioning to store charge within their cores.
The added benefit of a QD monolayer as floating gate is that it can tolerate a high density
of pin-hole defects in the insulating layers. The poor lateral conductivity of the QDs will
allow each pin-hole defect to discharge only one QD within the floating gate, rather than

the entire memory bit.
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Figure 7-4: Cross-sectional depiction of a QD based floating gate non-volatile memory. The floating
gate is comprised of a single monolayer of hexagonally close packed QDs, which are electrically
isolated from each other and from the channel by the insulating shell and capping molecule layers of
the QD. Charges are stored separately on each QD, and discharging any one QD in the monolayer
will not discharge the neighboring QDs, yielding better storage properties as compared to a laterally
conducting floating gate material.
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7.8 QD Nanopatterning

Another non-light emitting project which follows from this work is the use of QD
monolayers as a mask for extremely high resolution (~5nm) nanopatterning. Our ability
to create hexagonally close packed (hcp), large area grains of QDs has already been
detailed in Section 3. If we consider that this layer is essentially an extremely thin layer
of ordered material with alternating inorganic (core) and organic (capping molecules)
components, it becomes clear that under the appropriate conditions this may be a highly
selective etch mask for the substrate we deposit onto. An example of a process flow

which utilizes this approach is shown in Figure 7-5.

a) Print b) After print c) Evaporate Metal d) Liftoff

Figure 7-5: One possible process flow utilizing a QD monolayer as a nanopatterning mask. First, a
QD monolayer is printed onto the substrate to be patterned (a), resulting in (b). Then a thin film of a
different material (in this case metal) is directionally deposited onto and through the QD layer (c).
Using a solvent, the QDs can then be lifted off along with the metal that was deposited on top of the
QDs, leaving behind a nanopatterned thin film of metal(d). This pattern can then be transferred to
the substrate using a variety of selective etching techniques.

This work has been ongoing for over a year since the initial proof of concept was
performed. While it was relatively simple to show that a 100nm grain of QDs was an
effective oxygen plasma etch mask, finding an etching technique that would preserve the
much finer interstitial features of the QD hcp monolayer has been challenging. Both the

small feature sizes and the thin film of masking material have to date prevented the
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discovery of a process that preserves the 5-10nm periodicity that we can observe of the

QD monolayer using AFM.
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9 Appendices
A Growth Equipment Design

A1 Integrated Material Growth System
Equipment needs have been central to the successful completion of this project.

Starting the work in a new laboratory this was necessarily the case, but was further
complicated by the constraints inherent in making QD-LEDs. Furthermore, at the
project’s onset, we could only guess as to what those constraints might be, and as such
may have erred on the side of over designing the system. From prior experience in
OLED development, we were aware of the importance of isolating water vapor and
oxygen from our devices. We assumed that this would also be the case for the QD-LEDs,
since our QD-LEDs would incorporate organic transport layers subject to the same
limitations as OLEDs. As such, we set out to develop a complete growth system (see
Figure 9-1) that would allow the creation of a multilayer organic and QD device without
exposure to air. In addition, it was desirable to have as little exposure to atmospheric

pressure as possible.
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Figure 9-1: Integrated materials and devices growth system consisting of the materials growth
chambers based on physical and vapor phase deposition, sputtering, chemical vapor deposition, and
evaporative deposition with in-situ shadow masking. Samples are analyzed in the analytical and
AFM/STM chambers, and all connected to the central transfer line with load lock and an integrated,
nitrogen-filled glove box.

The necessary components of such a system are a solution processing area for
spin-coating and any other non-aqueous wet processing techniques, an area for device
manipulation, some allowance for shadow masking, and a thermal evaporator. In
addition, we anticipated that an ideal system might include a new method of vacuum
depositing QDs, a sputtering system for production of transparent cathodes, and a probing
station for vacuum testing of our completed devices. Integrating such a large set of
chambers into one system was a clear challenge, and led us to spend a significant time
designing the backbone of the system, the linear transfer line. In addition, considerable
effort has been expended on the creation of a Misted Solution Transport (MiST)
deposition chamber that we expected will solve the problem of vacuum deposition of

QDs, but this challenge is as yet not completed.
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The completed growth system integrates the known methods for physical vapor
phase deposition of organic and inorganic thin-films, including a low-pressure RF/DC
sputtering chamber, an evaporative growth chamber, and a chemical vapor deposition
chamber. The completed integrated growth system is capable of depositing molecular
organics, polymers, metals, metal oxides, inorganic nanodots, and colloids in a controlled
layer-by-layer fashion. An in-situ shadow masking system enables fabrication of
complex patterned structures inside a vacuum environment, while the integrated
N,-filled, dry glove box facilitates handling, measuring, and packaging of organic thin

film samples that are susceptible to reactions with atmospheric oxygen and water vapor.

All chambers are connected to the central transfer system that has linear degrees
of freedom. Each chamber is isolated form the others by a gate valve resulting in typical
base and operating pressures as indicated below. Maximum substrate size is 10 cm with
a 5% variation in the thickness and composition of deposited films over the substrate
area. Presently the system consists of the double glove box, evaporator, the sputtering
system, a Knudson cell thermal evaporator, and the transfer line with the load lock, while
chambers for electron beam ecvaporation, and chemical vapor deposition are in the
process of being built and integrated. The operating and base pressure for each chamber

on the system are summarized in Table 9-1.
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SYSTEM Base Pressure  Operating Pressure

[Torr] [Torr]
Sputtering 10° 102 to 10’
Evaporative 107 10°
CVD 10 1to 10
Central Transfer 10° 107 to 10°
Load Lock 107 107 to atmosphere

Table 9-1: Vacuum chamber pressure specifications for linear transfer system.

A.2 Transfer System Design
With our need for a sophisticated transfer system well established, we started to

establish its design criterion. The line would need to fit within the space available to us,
integrate at least five chambers as well as a loadlock to a glove box, and provide a means
for in-situ shadow masking. Finally, the system should be designed for ease of use, and
as fool-proof as possible, to maximize up time and minimize the skill level needed to be a

user of the facility.

The method of handling the typical fragile shadow masks within stainless steel
vacuum chambers was a challenge in and of itself. We will summarize our solution to this
challenge with a picture of the end result, Figure 9-2. This two piece stack allows the
separate handling and storage of shadow masks, which can then be self-aligned within

ultra-high vacuum conditions to contact mask substrates loaded into the substrate holder.
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The typical alignment is accurate and repeatable to within 100um, which is more than
adequate for the laboratory pixel masks that are used within the system. This alignment
is achieved by the chamfer of two sets of opposing teeth on the shadow mask holder and
the substrate holder, ensuring proper rotation relative to each other, as well as allowing
for contact between the mask and the substrate. In practice, this system allows the user to
grow both pattemed and unpatterned layers in succession, without exposure to
atmosphere, and without waiting for long vent and pump-down cycles between layers.
This is critical to device performance, as even in a Nitrogen environment glove box,
oxygen and water molecules are present in low concentration, and can adhere to the
surface of an organic thin film within minutes. Inclusion of such reactive impurities into

a device is immediately noticeable as reduced quantum efficiency of an OLED.

Figure 9-2: Solidworks drawing of the substrate holder and shadow mask holder self-aligned stack.
This example holds '2” substrates, our most typical substrate size.
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The design of the transfer line and all of its parts and components was done using
the computer aided design tool Solidworks. All of the design was performed in house,
while the parts were machined and assembled in local machine shops specializing in
vacuum equipment. Figure 9-3 and Figure 9-4 show four external views of the finished
design as well as a photograph of the actual system installed in the lab. The difficult
portion of the transfer line design is in the details of alignment of transfer points. It
allows transfer of substrates and shadow masks over distances of 13 feet, and yet the
freedom of motion of any of the mating parts is at most 1/8 of an inch. This is so that
there can be minimal strain on any given part, which will in turn minimize wear and
bending of the precision machined parts. Two good examples of this precision are in the
loadlock handoff and in the lateral fork handoff. Exemplary drawings are shown in
Figure 9-5 and Figure 9-6. A loadlock enables the loading and unloading of substrate
chucks to take place in much less time, as only the first 18” of the chamber must be
vented and then restored to vacuum. However, this means that the caboose piece (shown
in Figure 9-5) which carries the substrates to the various chambers must be able to cross
the 3” gap in the rail system which allows the gate valve to isolate the load lock from the

remainder of the transfer line.
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Figure 9-3: Solidworks drawings of the transfer line in various orientations. Two photos showing the
actual 12’ line in our lab are also included.
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Figure 9-4: Solidworks endview drawing of the transfer line. The photograph is of the system from
the same orientation. Note the rails and the shadow mask holder stack that allows for in-situ
masking of substrates.
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Figure 9-5: Photograph of the caboose that rides the rails of the 13’ chamber, and transports the
substrate holders and shadow mask holders. Solidworks view of both the engine and the caboose in
their “’hand-off” configuration.
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Figure 9-6: Photograph of the lateral alignment mechanics that ensure perfect insertion of the
transfer fork into the substrate holder. Solidworks perspective view of the same.
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B LED Parameter Calculations

B.1 External Quantum Efficiency
The external quantum efficiency of an LED is defined as the number of photons

emitted from the entire device structure per charge carrier injected into the device. This
is the metric of choice throughout this work as it most accurately reflects device
efficiency with the minimum of assumptions and less relevant dependencies. For
example, internal quantum efficiency is an oft cited metric, but it is calculated using
external quantum efficiency and a set of assumptions regarding how many of the
internally generated photons can escape the device structure. Luminous efficiency (cd/A)
is also a useful metric for display applications, but is not relevant in the infrared and has a
large color dependence that makes comparing blue LEDs to green LEDs difficult.

To calculate the external quantum efficiency of an LEDU!" 3% first involves
measuring the luminous intensity, Ly, emitted from the device surface, with units of
joules per second. This is done with a calibrated Silicon photodiode purchased from
Newport Optics. While it is possible to convert the output of this photodiode into a
voltage by means of the vendor supplied amplifier box, it is not desirable to do so as it
introduces multiple additional sources of error into the experiment. Without
amplification, the output of the photodiode is a photocurrent, /.. Then:

1 det ® ;1‘ .
Ly=———-— Equation 9-1
ndet b f ® 1241
Where #4.(A) is the efficiency of the detector at a given wavelength in amps per Watt
(provided in a look-up table by the vendor), f'is a coupling factor taking into account the

fraction of light emitted by the LED that is measured by the photodiode, and A is the

center wavelength of the emission spectrum. The term (1241/)) gives the energy of a
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photon of a given wavelength in units €V, and is necessary to convert the light output
from units of Watts into a number of (Coulombs of) photons.

It is common to use the assumption that an OLED is a perfect Lambertian emitter,
and then use very low values of f for convenience of measurement. However, this
assumption can lead to significant errors, as light emission from OLED:s is in fact subject

to weak micro-cavity effects!®

that can alter this emission profile. In practice then, it is
desirable to use as large a value for fas is possible, which leads to the use of large area
photodetectors (1 cm in diameter) that are in close proximity to the device substrate
(within a few mm). For the standard half inch test substrate used in this work, our value
of fis 0.94.

With Ly determined, external quantum efficiency (ngx) is simply:

Ly

Ney = 7 Equation 9-2
OLED

Where Ip,ep is the current injected into the device as measured by an ammeter (in this
case an HP 4156 Parameter Analyzer, simultaneously measuring /).

Equations 10-1 and 10-2 can be stated more rigorously as:

M (D)da
Ny = Equation 9-3
H orep J‘;“ndct (A)d

Where we take into account the wavelength dependence of the photodiode efficiency. In

practice this is not a necessary complication, as the silicon photodiode efficiency versus
wavelength is quite linear, and is well-approximated for narrow-band Gaussians by

taking the value for the center wavelength of the device spectrum.

B.2 Luminous Efficiency
Converting 1gx to units of either lumens (luminous flux, Im) or candelas (1 lumen

per steradian, cd) requires taking into account the response of the human eye to light of
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various wavelength. The photopic response, g(A) of the human eye (shown earlier in
Figure 1-3) peaks at 555 nm at ¢o = 683 Im/Wpicas and falls off sharply in the blue and

red. Thus, the luminous power efficiency can be written:

_ ¢ J8(A)] 4 (A)/ R(A)AA

ﬂ OLED V
Where R(4) = qAnger/he is the photodiode responsivity, and V is the LED drive voltage.

Np Equation 9-4

For a Lambertian source emitting into the half plane, 1lm = t ¢d, making conversions to

cd/A or cd/m’ simple mathematical manipulations.
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