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ABSTRACT

Colloidal semiconductor nanocrystals (NCs) or quantum dots (QDs) can be
synthesized to efficiently emit light from the ultraviolet, across the entire visible
spectrum, and into the near infrared. This is now possible due to the continual
development of new core and core-shell NC structures to meet specific color needs in
areas as diverse as optoelectronic devices to biological imaging.  Core-shell
semiconductor NCs are unique light emitters. They are more stable overtime to
photobleaching compared to organic dyes. Their emission is efficient and their spectral
full width at half maximum remains highly narrow as their size is synthetically changed
to provide desired peak wavelengths of emission to within plus or minus a couple of
nanometers. They can be purified and manipulated in solution and their chemical
interaction with the environment is the same for all sizes and can be modified using
chemical techniques. These unique properties make semiconductor NCs ideal for use in
light emitting devices (QD-LEDs). This work shows how electroluminescence can be
extended into the near infrared region of the spectrum by employing infrared emitting
NCs as well as into the blue region of the spectrum by designing and synthesizing NC's
specifically for this application. Once efficient and color saturated electroluminescence
at the visible spectrum’s extremes had been realized it was a natural extension to begin
exploring the potential of QD-LED devices to satisty the technological requirements of
flat panel displays and imaging applications. This led to the synthesis of a new green-
emitting core-shell NC material to meet the specific color needs for flat panel display
applications. At the same time we developed a new QD-LED device fabrication method
to allow the patterning of the NC monolayer in our devices. Micro-contact printing the
NC monolayer instead of using phase separation provided efficient and highly color
saturated QD-LEDs in the red, green, and blue, and allowed us to pattern these
monolayers towards the development of pixelated QD-LEDs such as needed for flat panel
display applications. Along the way, the synthesis of colloidal NCs was studied to allow
for more control in synthesizing higher quality materials in the future. The simple
synthesis of PbSe NCs was used as a model system to begin to understand the mechanism
of how the molecular precursors are reduced in solution to produce solid crystalline
material in the presence of phosphorous containing molecules.
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Chapter 1

Introduction

1.1 Colloidal Semiconductor Nanocrystals
1.1.1 Quantum Confinement and Optical Properties

Colloidal semiconductor nanocrystals (NCs) or quantum dots (QDs) are
nanometer sized, crystalline, chunks of semiconductor material that can be manipulated
in solution due to molecules bound to the NCs surface maintaining favorable NC/solvent
interactions (Figure 1.1). The smallest NCs (< 1 nm in diameter) are nearly molecular (<
100 atoms), while the largest (> 20 nm in diameter) are made up of over 100,000 atoms.
This size regime between molecular and bulk semiconductor material is characterized by
a particular change in optical properties of the semiconductor due to quantum mechanical
effects'. The origin of this effect, know as quantum confinement, comes about when the
dimensions of the chunk of semiconductor become so small that the photoexcited carriers
feel the boundaries.

The first size dependent effects of quantum confinement were seen in the 1970’s
when the advent of molecular beam epitaxy made it possible to form very thin layers of
semiconductor materials know as quantum wells™. These structures are referred to as
two dimensional (2D), because the electrical carriers are confined in a 2D plane region
(Figure 1.2). These electrical carriers are bound electron-hole pairs, or excitons, that
have a particular size associated with them known as the exciton Bohr radius. When the

thickness of the 2D plane is made to be on the same order of size as the exciton Bohr
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Figure 1.1 Colloidal Semiconductor nanocrystals. (A) Cartoon of a
nanocrystal with a monolayer of organic molecule capping groups associated
with the surface. (B) High resolution transmission electron micrograph of a
CdSe nanocrystal, where actual atom columns can be seen. (C) A low
resolution transmission electron micrograph of CdSe nanocrystals that are
hexagonally close packed, demonstrating their narrow size distribution and

how the presence of the capping groups keep each nanocrystal a fixed
distance from the next when they pack together.

radius, the exciton becomes confined, which modifies the density of states such that there
are fewer band edge states and the oscillator strength of optical absorption is shifted to
the blue (shorter wavelengths). Because the optical properties of quantum wells can be

tuned by changing their thickness and composition and because the reduced

18



dimensionality leads to improved optical performance by increasing the probability of
electron-hole recombination, they form the basis of most of the optoelectronic devices
available today. The theoretical and physical study of the size dependent optical effects
in quantum wells in time lead to the concept of quantum wires and quantum dots. Figure
1.2 illustrates the transition from bulk semiconductor to quantum well (2D) to quantum
wire (1D) and finally to three-dimensionally confined materials (0D) along with the
associated change in basic electronic structure and density of states that accompanies the
reduction of material size.

The size of colloidal semiconductor NCs (2-15 nm in diameter) are on the order
of the size of the Bohr radius of the bulk exciton (5.6 nm for CdSe!*! and 46 nm for
PbSel™)). Photoexcitation or electrical excitation of the NCs creates an electron-hole pair
that is confined to and delocalized over the entire volume of the NC, which confines the
exciton in all three dimensions causing the continuous density of states of the bulk solid
to collapse into discrete electronic states (Figure 1.2 and 1.3). Through modeling the
electronic structure of semiconductor NCs using simple effective mass theory'!, the size
effect of quantum confinement can be understood. In the strong confinement regime, the
electron and hole can be treated independently as particles in a sphere bound at the NC
surface by an infinite potential, which gives rise to each carrier in the NC being described
by hydrogenic wavefunétions that occupy discrete electronic energy levels. The
nanometer sized semiconductor NC quantizes the allowed k values and as the diameter of
the NC decreases, the first state shifts to larger k values and increases the separation
between states (Figure 1.3 and 1.4). This is seen spectroscopically for a series of CdSe

NC samples as a blue shift in the absorption edge and band edge emission and a larger
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Figure 1.2 Illustration of quantum confinement going from bulk semiconductor to quantum
wells to wires or rods and finally to quantum confinement in all three dimensions in quantum dots
or nanocrystals. The unrestricted motion of carriers in bulk semiconductor is associated with a
band structure with a density of states proportional to E' for cach band. In thin films (quantum
wells), motion of the carricrs is restricted to two dimensions leading to a constant density of
states for each band. In quantum wires or rods the carriers are confined in all but one dimension
and the density of states begins to sharpen and nanocrystals confine the carriers in all three
dimensions and atomic like states result.

separation between electronic transitions with decreasing NC diameter”! (Figure 1.5(a)).
Semiconductor NCs are very much like “artificial atoms™®) because of their quantized
electron and hole states, which is very different compared to bulk semiconductor
materials that have energy bands. This means that not only are the absorption and
emission spectra of NCs blue-shifted from the bulk, but they also are no longer
featureless. Both effects, blue-shifting as well as energy quantization, can be seen in
Figure 1.5. The absorption spectrum of the 15 nm in diameter CdSe NCs in Figure 1.5(a)

appears quite similar to bulk CdSe, being quite broad and featureless, as it experiences

very little additional confinement from the bulk. Sharp transitions as well as a significant

20



blue-shift are quite evident in the absorption spectra for the CdSe NCs with diameters of

less than 12 nm (the bulk exciton Bohr diameter).

Bulk Semiconductor
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Figure 1.3 Illustration of the effect of confinement, going from
bulk semiconductor to nanocrystals, on eclectronic statcs at the
conduction and valence band edge. In nanocrystals electrons
occupy quantum-confined states of the conduction band while the
holes occupy states of the valence band. As the diameter of the
nanocrystal decreases the clectron and hole wave functions are
confined more and the states at the band edge split apart further,
allowing the emission of the nanocrystals to be tuned based on their
physical size.
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Figure 1.4 Illustration of energy diagrams (E versus k) of the bulk conduction and valence bands
for semiconductors, which are assumed to be parabolic in the effective mass approximation. The
quantum confinement of the carriers in all three dimensions in a nanocrystal quantizes the allowed
k values and decreasing nanocrystal diameter shifts the first state to larger values of k and
increases the separation between states (diagram on the right). This increase in separation between
states is seen spectroscopically as a blue shift (shorter wavelength) in the absorption and emission
spectrum, as seen in Figure 1.5, and a larger separation between electronic transitions as the
nanocrystal diameter decreases.

Decreasing NC
Diameter

F O 4

The emission properties of colloidal semiconductor NCs are also quite unique.
Like the absorption shown in Figure 1.5(a) for CdSe NCs, the emission can be tuned
based on the diameter of NCs synthesized as well (Figure 1.5(b) and (c)). CdSe with a
bulk band gap of 1.73 eV (716 nm)"”! can be made to emit across the entire visible
spectrum as seen in Figure 1.5(b), where roughly 2 nm diameter CdSe NCs emit in the
blue and 8 nm particles emit in the red. When a different semiconductor with a different
band gap is used to synthesize NCs, the region of the electromagnetic spectrum in which
the NCs can be tuned changes. This is seen in Figure 1.5(c), where the smaller band gap
CdTe (1.5 eV, 827 nm)!"”! semiconductor when made into NCs can access deeper red

colors than CdSe. When PbSe with a band gap of 0.26 eV (4769 nm) is used to make
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NCs, the tuning range shifts out into the near infrared region of the spectrum (see Chapter

2).
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Figure 1.5 (a) Absorption spectra of a size series of CdSe nanocrystals ranging from 2 to
15 nm in diameter, demonstrating the ability to tune the optical properties of the
nanocrystals with size. The multiple features and the sharpness of each feature demonstrate
the narrow size distribution of each sample. (b) Vials of different sized CdSe nanocrystals
(2 to 8 nm in diameter) dispersed in solution and fluorescing different colors solely due to a
difference in size. (c) Emission spectra of different sized CdSe nanocrystals up to roughly
650 nm and CdTe nanocrystal emission spectra beyond 650 nm. The emission spectra of
CdSe nanocrystals have very narrow linewidths making them ideal for most light emission
applications.

Single CdSe NCs have been shown to have ultra-narrow homogeneous linewidths
of emission, but due to differences in size, shape, and local environment, the ensemble

emission linewidth is significantly broadened. Typical linewidths (full widths at half
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maximum (FWHM)) of high-quality semiconductor CdSe NCs are 20-30 nm. The more
uniform in size and shape each NC in an ensemble is to one another, the less the FWHM
is broadened compared to a single NC. As a result the FWHM of the emission spectrum
for a given material becomes a good guide for the size distribution of the sample. The
absorption spectrum serves as a guide to the size distribution of a sample in the same
manner. The more uniform in size and shape a NC sample is, the more features will be
seen as well as the more distinct and sharp each feature will appear in the absorption
spectrum.
1.1.2 The Nanocrystal Surface and Quantum Efficiency

Semiconductor NCs, such as CdSe, are covalently bonded solids, with four bonds
per atom, which have been shown to retain the bulk crystal structure and lattice

parameter''”’

. At the surface of a crystal, the outermost atoms do not have neighbors to
bond to, generating so called dangling bonds, which give rise to surface states of different
energy levels that lie within the band gap of the semiconductor. Surface rearrangements
take place during crystal formation to minimize the energy of these dangling bonds, but
because such a large percentage of the atoms that make up a NC are on the surface
(>75% to <0.5% for NCs <1 nm to >20 nm in diameter, respectively)[”], the effect of
these dangling bonds on the emission properties of semiconductor NCs is quite large.
The 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 NC
diameter, where the surface to volume ratio is larger. Radiative recombination can occur

from these surface states as well and because they reside in energy levels in the band gap

of the semiconductor, the emission is broad and located to the red of the band edge
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emission. This emission is referred to as deep trap emission because these surface states
are low energy levels in which carriers can fall into and be trapped for some period of
time before leaving the NC or relaxing radiatively or non-radiatively. Deep trap emission
is seen particularly in very small NC samples where the majority of atoms are located on
the surface and in NC systems in which the surface is poorly passivated.

Colloidal Semiconductor NCs are grown in the presence of stabilizing agents to
prevent aggregation and precipitation, as discussed further in the next section. These
stabilizing agents are typically organic molecules made up of a functional head, like a
nitrogen, phosphorous, or oxygen atom, and a long hydrocarbon chain. The functional
head of the molecules attach to the NC surface as a monolayer through covalent, dative,
or ionic bonds and are referred to as capping groups (Figure 1.1(a)). This surface
capping is analogous to the binding of ligands to metal centers in more traditional
coordination chemistry. When molecules are chemically bound to the surface of a NC,
they are in part satisfying the bonding requirements of the surface atoms, which
eliminates many of the surface traps or surface electronic states and therefore some of the
non-radiative relaxation pathways. The direct result of this is that NC samples with good
surface passivation have a higher quantum efficiency or quantum yield (QY) than
samples with poor surface passivation. Using the right mixture of capping groups during
NC synthesis, for example tri-n-octylphosphine and a long chain alkyl amine, provides
very good passivation of the surface states and as a result high QYs. When NCs lose
their capping molecules, which will be discussed in detail in the next section, the QY

decreases dramatically. These high boiling organic molecules not only serve to passivate
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the surface electronic states, but also to mediate NC growth and sterically stabilize the
NCs in solution.

A shell of a different semiconductor can be grown onto NCs to passivate the
surface electronic states to a greater extent than what organic molecules can achieve.
When a shell of a larger band gap material is grown onto a core NC, for example ZnS
(band gap of 3.7 eV) onto CdSe, the majority of the surface electronic states are

passivated and a 2 to 4 fold increase in QY is observed?!

. A core-shell type composite
rather than organically passivated NCs are desirable for incorporation into solid-state
structures, like a solid state QD-LED device, due to their enhanced photoluminescence
(PL) and electroluminescence (EL) quantum efficiencies and greater tolerance to
processing conditions necessary for device fabrication!'*'”.  When the radial
probabilities of the electron and hole in the lowest energy eigenstates are calculated and
analyzed for bare (NCs with no shell) CdSe NCs passivated with organic molecules
versus CdSe NCs passivated with a ZnS shell, it is seen that for the bare NCs the wave
function of the lighter electron spreads over the entire particle and tunnels only slightly
into the surrounding organic molecule matrix, while the heavier hole has a higher
probability at the center of the NC and does not extend into the surrounding organic

21 In the case of the (CdSe)ZnS core-shell structure, the electron wave

molecule matrix
function tunnels into the ZnS shell while the hole wave function has a negligible
probability of spreading into the ZnS shell. The increased delocalization of the electron
in the (CdSe)ZnS core-shell structure, lowers its confinement energy and therefore the

energy of the excited state, which explains why a red shift in the absorption and emission

spectrum is observed when a shell of a larger band gap semiconductor is grown onto a
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sample of NCs. Because the electron still tunnels out into the ZnS shell, the surface
electronic states on the ZnS need to be passivated as well, but due to the energy barrier
the effect of surface passivation plays less of a role compared to the bare cores.

When designing new core-shell NC material systems, one critical issue is the
crystal structure of the core and shell material as well as the lattice parameter mismatch
between the two. The lattice mismatch between CdSe and ZnS is 12%“2], which is
considerably large, but because only a couple of atomic layers (1 to 6 monolayers) of ZnS
is grown onto CdSe the lattice strain is tolerated. The lattice strain between the two
materials becomes greater and greater the thicker the shell grows and eventually a shell
too thick will break off of the core. Doping the ZnS shell with Cd can relieve some of
this strain and thicker shells of CdZnS can be grown. The effect is similar to
transitioning more gradually from CdSe to CdS to ZnS (lattice mismatch between CdSe
and CdS is about 4% and that between CdS and ZnS is about 8%), which provides more
uniform and thicker shells and therefore better NC core surface passivation and higher
quantum efficiencies.

The presence of a shell of a different semiconductor on the core protects the core
from degradation. The quantum efficiency of core-shell NCs decreases significantly
slower over time compared to bare NCs (NCs with no shell) and organic dyes (which
photobleach readily), when they are illuminated over long periods of time in the presence
of water and oxygen (ambient conditions)!'”. The combination of high efficiency and
stability, emission color tunability down to a couple of nanometers of any desired
wavelength from the ultra violet to the near infrared region of the spectrum, and narrow

emission spectra of core-shell NCs, makes them ideal “dye molecules” for almost any
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light emission application. The work done in this thesis focuses on the optimization of
the light emission of core and core-shell NCs for use in quantum dot light emitting
devices (QD-LEDs). The very narrowband emission of NCs not only produces QD-
LEDs with high color saturation, but also allows 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.

Another physical phenomenon that influences the process of NC light emission

and quantum efficiency is Auger recombination!'’""!

. Auger recombination is important
because of the dominant role it plays in quenching emission from excitons whenever lone
electrons or holes in a charged NC or constituent carriers in other excitons are present.
The Auger mechanism renders charged NCs non-luminescent and is thought to be
responsible for off states in the fluorescence intermittency or blinking of single

(201 The process of Auger recombination involves the transfer of an

nanocrystals
exciton’s energy of relaxation to another excited, delocalized carrier in the NC. The
carrier (electron or hole) is excited to higher energy after accepting the energy of the
exciton and ultrafast intraband relaxation brings it back to the band-edge?'*?. The
Auger relaxation process is very fast (10-100ps[23’24]) compared to the NC radiative
lifetime (t ~ 10-20 ns) and because a charged NC is a dark NC, balancing charge
injection into NCs in a QD-LED device is a concern.
1.1.3 Historical Perspective of Nanocrystal Synthesis

Semiconductor NCs have been synthesized in many different ways, but many of

these methods do not allow for the manipulation of the NCs after growth for use in

practical applications. Most applications of semiconductor NCs (especially use in QD-
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LEDs), require the NCs to have narrow size distributions (o = 5-10 %) and high quantum
efficiencies (> 20 %) as well as be easy to process and manipulate in solution. The
ability to easily tune the final size of the NCs through synthesis techniques is important
as well.

Semiconductor NCs were first synthesized fortuitously in glass matrices by glass
workers who added cadmium, zine, sulfur, and selenium containing compounds to create
glasses with colorful hues. Later scientists used this method of NC synthesis deliberately
to create better sized distributions of PbSe, PbS, CuBr, CuCl, CdS, and CdSe

(2291 by fine tuning the concentration of precursors in the

semiconductor NCs for study
melt, the temperature of the melt, and the time at which the melt was kept at high
temperature. These NCs were highly crystalline due to the high temperatures at which
they were formed and the size distributions of some samples were as low as 10 %.
Because the NCs were embedded in a glass matrix, it was not only impossible to
manipulate them for use in practical applications, but hard to study and characterize as
well.

Another interesting and early method for the formation of nanometer sized

semiconductor particles is the Stranski-Krastanow method of grow‘[h[3 031

, where sub-
monolayers of epitaxially grown thin films of one semiconductor are deposited on a
substrate of another semiconductor material with a significant lattice mismatch. The
lattice mismatch is relieved by the balling up of the thin film of semiconductor into
islands known as SK dots or epitaxial quantum dots. These islands of semiconductor are

typically only a couple of nanometers thick and of larger dimension (as much as 100 nm

in diameter) in the plane of the layer, which results in less quantum confinement than is
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seen in colloidally grown NCs. 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, even though the surface passivation is typically better compared
to colloidal NCs because they are fabricated under ultra clean growth conditions and are
embedded in a larger band gap semiconductor.

Several solution based techniques were later developed for the synthesis of
semiconductor NCs, which include syntheses using metal salts in aqueous solutions®*>*,
biosynthesis[3 337 'NC formation in inverse micelles®**"), the pyrolysis of organometallic

[7,40]

species in coordinating solvents' ™', and finally the reduction of metal salts in

coordinating and non-coordinating solvents'*' .

NCs synthesized in aqueous solutions generally have lower quantum efficiencies,
due to the presence of species that oxidize the particles, like water and oxygen, as well as
poor crystallinity due to the formation of the NCs at low temperatures. The inverse
micelle approach proved to produce NCs with better stability as well as allow post
synthesis manipulation and surface treatment of the NCs, but provided size distributions
of 15-20 % as well as NCs with poor crystallinity due to the low temperature of
formation. In 1993 a significant breakthrough in the synthesis of semiconductor NCs was
made by Murray and co-workers!"!, which produced high-quality NCs that were easy to
process and manipulate in solution. This synthesis technique has now been adopted by
most for the production of not only all types of binary and tertiary semiconductor

nanocrystals, but for metal and metal oxide particles as well. This technique of rapid

introduction of precursors into a high boiling solvent at elevated temperature has paved
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[45-50]

the way for the synthesis of new shapes of NCs, including nanorods®'*! and

tetrapods!™ 1
1.1.4 Core and Core-Shell Nanocrystal Synthesis

The rapid injection of precursors into a hot solvent (300-360° C) to form NCs was
used by Murray and co-workers!”! to synthesis II-VI semiconductor NCs by high-
temperature pyrolysis of organometallic precursors (dimethylcadmium) in coordinating
solvents (tri-n-octylphosphine (TOP) and tri-n-octylphosphine oxide (TOPO)). This
work was based on the seminal colloidal work by LaMer and Dinegar'>*), who introduced
the idea that lyophobic colloids grow in solution via a temporally discrete nucleation
event followed by controlled growth on the existing nuclei (Figure 1.6). This is usually
achieved by an abrupt increase in reagent concentration resulting in supersaturation,
which is relieved by the formation of nuclei and subsequent growth of these nuclei. The
initial size distribution is determined by the time over which the nuclei form and grow
based on the fact that the growth of any one NC is similar to all others. Focusing of the
size distribution can occur over time if the percentage of NC growth during the

[53]

nucleation period 1s small compared with subsequent growth”"". Another distinct growth

phase known as Ostwald ripening is exhibited by many systems at later times during the

. 6.5
reaction'®°7],

This process involves the dissolution of small NCs due to their high
surface energy and the deposition of this material onto the larger NCs. The average NC
diameter increases overtime with a compensating decrease in NC number. Taking

advantage of Ostwald ripening has proven beneficial for the preparation of a size series of

NCs using the organometallic route decribed by Murray and co-workers.
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Figure 1.6 (a) Cartoon showing the stages of nucleation and growth of nanocrystals based on
the LaMer and Dinegar model that describes how lyophobic colloids grow in solution via a
temporally discrete nucleation event followed by controlled growth on the existing nuclei. This
is shown in the plot of concentration of precursors versus time of reaction, which depicts how a
sudden increase in concentration of precursors causes the nucleation of many tiny particles
which then grow over time. (b) Cartoon of the typical apparatus used to synthesize
nanocrystals, which consists of a round bottom flask with a magnetic stir bar, a condenser
connected to a Schlenk line, a temperature probe (depicted as a thermometer), and a rubber
septum through which the syringe is inserted when the precursors are rapidly injected into the
hot solvent. This picture was taken from C. B. Murray, C. R. Kagan, M. G. Bawendi, Annu.
Rev. Mater. Sci. 2000, 30, 545.

Currently organometallic reagents or, more commonly, inorganic metal salts
along with the complementary molecular precursors are rapidly injected into the hot
reaction vessel containing one or several high boiling organic solvents, which results in a
burst of homogeneous nucleation. The depletion of the reagents through nucleation and
the sudden temperature drop due to the introduction of the room temperature solution of

reagents minimizes further nucleation. After the injection the dispersion in some cases is
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reheated up to a growth temperature to allow for slow growth and annealing of the
crystallites.

As discussed in the previous section, the surface of the NCs is passivated by a
capping molecule with functionality at one end that allows it to associate itself with the
surface through a dative bond and typically an alkyl chain on the other that interacts with
the solvent, for example oleic acid, TOP, TOPO, oleylamine, phosphonic acid or
phosphinic acid. In some cases the capping molecule is added (when non-coordinating
solvents such as octadecene or squalene are used) and in others the organic solvent itself
is the capping molecule. The ability to control and separate both the nucleation and
growth environments is provided by the choice of organic solvent and capping molecule
used. The capping molecules present a steric barrier to the addition of material to the
surface of a growing crystallite, which significantly slows the growth kinetics. It is
desirable to have enough capping molecules present to prevent uncontrolled nucleation
and growth, but not so much that growth is completely suppressed. This synthetic
procedure for the synthesis of semiconductor NCs provides a great deal of control and as
a result the synthesis can be optimized to give the desired peak wavelength of emission as
well as a narrow size distribution. This degree of control is based on the ability to change
the temperature of injection, the growth time, the concentration of precursors in solution,
the ratio of precursors in solution, and the concentration and type of capping molecules.
By changing one or more of these parameters the size of the NCs can be tuned across a
large range while maintaining good size distributions.

Due to the high reactivity and toxicity of organometallic species, metal salts such

as acetates, hydroxides, acetylacetonates, and oxides have been employed. The
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organometallic route provides size distributions ranging from 10 to 15 %, which can be
narrowed down to 5 % through size-selective precipitation and quantum efficiencies of 5-
10%. Present metal salt based procedures typically provide size distributions of 5-10 %
directly with quantum efficiencies ranging from 20-40 %. These metal salts are typically
converted in-situ into the species that actually react to form the NCs. For example lead
acetate and cadmium hydroxide are converted into lead and cadmium oleate when
degassed in the presence of oleic acid and it is the metal oleate species which react with
the tri-n-octylphosphine selenide (TOPSe) to form the PbSe and CdSe NCs.

In most cases the metal salts provide metal species in an oxidated state, which
need to be reduced before reaction with TOPSe (Se is formally selenium zero in TOPSe)
can occur. The addition of mild reducing agents such as 1,2-hexadecanediol and
dodecanal provide rapid nucleation in the beginning of the cadmium acetylacetonate
based CdSe reaction producing good separation between nucleation and growth. The
result is the synthesis of NCs with very good size distributions (¢ = 5-10 %) and high
quantum efficiencies compared to the organometallic based synthesis (N. E. Stott, PhD
Thesis, M.LI.T. (2004)). Stronger reducing agents such as diphenylphosphine, when used
in small quantities provide the right degree of reactivity in the nucleation event to
increase reaction yields while maintaining good size distributions (¢ = 5-10 %) (see
Chapter 2). When no additional reducing agents are added to the synthesis and only very
mild reducing agents such as TOP are present, the result is very low reaction yields.

As discussed in the previous section, the growth of a larger band gap
semiconductor shell onto the NC core provides very good surface passivation and

protection from oxidation, which leads to significantly higher quantum efficiencies as
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well as increased stability for use in practical applications such as solid state devices and
biological imaging. The technique for growing a shell of a different semiconductor onto
core NCs is very general and has been applied to many material systems. The first high-
quality NC core-shell system that was made and fully characterized was a shell of ZnS

grown onto CdSe, referred to here as (CdSe)ZnS core-shell NCst=1,

The technique
employed was to first isolate the core NCs and redisperse them in a fresh solution of
solvent and stabilizers, followed by the slow addition of the shell precursors at
temperatures ranging from 140 to 220°C to allow the shell precursors to heterogeneously
nucleate on the seed (core) NCs. The homogeneous nucleation of ZnS in solution was
controlled by not letting the ZnS precursor concentration in solution reach the threshold
for nucleation. The slow addition of the ZnS precursors achieved this by keeping the rate
of precursor addition lower than the rate of deposition of the ZnS precursors onto the
CdSe NC seeds (cores). Presently the same procedure is generally used with slight
modifications for some material systems, for example introducing the shell precursors
directly into the growth solution of the NC cores has been successful in recent work in
our lab with growing shells on III-V materials. Another interesting change has been to
use syringe pumps to add the shell precursors into the NC core solutions at very slow
rates (30-50 pL/min), which has provided continuous and uniform shell growth. This has
increased quantum efficiencies by almost two fold in some cases compared to the use of
an addition funnel, which allows only drops of solution at a time to be introduced into the
flask.

Three main criteria that are important when synthesizing semiconductor core-

shell materials are: The core NCs onto which the shell will be grown must withstand the
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conditions under which the shell is deposited (temperature and stabilizing agents should
be right such to avoid core NC size and size distribution changes via Ostwald ripening);
The core NC semiconductor material and the shell material must not readily interdiffuse
under the deposition conditions (core-shell materials have been deliberately heated at
high temperatures for long periods of time to induce alloying)[5 ! (see Chapter 4); And
lastly, the surface energies of the two semiconductor materials must be sufficiently
similar so that the barrier for nucleation of the shell material on the core NCs
(heterogeneous nucleation) is lower than that for the nucleation of the shell material in
solution (homogeneous nucleation). Using these principles numerous high-quality core-
shell NC material systems have been synthesized, some of which include (CdSe)CdSP*¢"!
core-shell, (CdSe)ZnSe®"! and the inverse®*®!, (CdSe)CdS/ZnS and (CdSe)ZnSe/ZnS*Y,
(CdSe)ZnTe/ZnS"®!, (CdSe)Zn,Cd;.S and (CdSe)CdS/Zn,Cd,.S/ZnS"", (CdS)ZnSH*
and (CdS)Cd«Zn;«S (see Chapter 3), (CdiZn;«Se)CdyZn;,S (see Chapter 4),
(CdTe)CdSe and (CdSe)ZnTe!, (ZnTe)CdSe®™, (ZnSe)ZnS and (ZnSe)ZnSe,S1+*,
(InAscP.)InP/ZnSe!™, and (InAs)InP and (InAs)CdSe!""!.
1.1.5 The Isolation and Purification of Nanocrystals

Colloidally grown semiconductor core and core-shell NCs can be processed and
manipulated in solution for practical applications as well as for characterization and
study. This is possible due to the capping molecules, discussed earlier in great detail,
associated with the surface of the particles. These capping molecules serve to sterically
stabilize the NCs in solution as well as to mediate NC growth and passivate surface
states. The molecules that are present in the growth solution are typically high boiling

organic molecules, which have a functional head that associates with the NC surface and
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a long alkyl chain tail that associates with the solvent. The NCs are in a sense covered in
an oily ball of molecules and as a result can be dispersed in non-polar solvents like
hexane, chloroform, and toluene. If it is desirable to disperse the NCs in polar solvents
like ethanol or water, or change the length of capping group, the hydrophobic capping
groups in which the NCs were synthesized can be exchanged with more polar or smaller

capping molecules'”'"""*7!

. This is referred to as cap exchange and consists of repeated
exposure of the NCs to an excess of competing capping molecules. The NCs are then
removed from solution to isolate them and the cycle is repeated to allow more complete
ligand exchange. Cap exchange however, is not ideal for NCs used in light emission
applications because the quantum efficiency of the NCs suffers greatly.

Core and core-shell NCs need to be isolated and purified from their growth
solutions in order to be used in applications such as solid state device fabrication. The
capping groups on the NCs provide a repulsive force in solution that is sufficient in
strength and range to counteract the inherent van der Waals attraction between NCs,
which keeps them from aggregating. This repulsive force is however, strongly dependent
on the energy of mixing between the tethered capping molecules and the solvent. When a
nonsolvent (typically butanol/methanol), miscible with the solvent in which the NCs are
dispersed (typically hexane or growth solution), is added, the NC dispersion is
destabilized and the NCs aggregate and precipitate. The aggregated NC dispersions are
typically centrifuged, which isolates the NCs as a powder, leaving in solution many of the
synthetic by-products. The resulting NC solids can then be redispersed in a variety of
different solvents (typically non-polar solvents such as alkanes, aromatics, long-chain

alocohols, chlorinated solvents, and organic bases like amines, pyridines, furans, and
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phosphines). Repeated flocculation and dispersion of the NCs into fresh solvent provides
NCs solutions that are pure and ready for use in device fabrication. The NCs solutions
are typically flocculated twice and then filtered with a 0.2 um syringe filter to remove
any unwanted aggregates or particulates before being used in device fabrication.

Each cycle of NC flocculation and dispersion causes more and more capping
groups on the surface to be removed and if this is done too many times the NCs will
aggregate permanently and not go back into solution. If this occurs, excess capping
molecules such as TOPO or octylamine can be added to the solution and the NCs will
often be restabilized after some mixing. Upon each successive precipitation the quantum
efficiency decreases as well. The decrease in quantum efficiency is more pronounced
with core NCs than with core-shell NCs. When the nonsolvent is added gradually into
the NC dispersions (titrated), partial flocculation can be achieved and this is know as
size-selective precipitation. The largest NCs in solution flocculate before the smaller
ones due to their larger attractive van der Waals forces and as the larger NC aggregates
form they exclude the smaller ones. When this partially flocculated NC dispersion is
centrifuged, the solid that precipitates is enriched in the larger NCs, while the smaller
ones are left in solution. Size-selective precipitation is a powerful technique when
working with samples with larger size distributions, for example the NCs made using the
pyrolysis of organometallic precursors that typically give size distributions of 10-15 %.
Size-selective precipitation can provide NC dispersions with size distributions below 5
%. The metal salt based syntheses typically give size distributions of 5-10 % directly and

no size-selective precipitation is required.

38



1.2 Organic Light Emitting Devices

1.2.1 Historical Perspective and Advantages
In 1987, the first vacuum-deposited organic light emitting device made from thin

(few hundred angstroms) amorphous organic small molecule films with low operating

(761

voltages (< 20 V) was reported by Tang and VanSlyke The potential of this

technology was quickly recognized. The devices were efficient (close to 1 % external
quantum efficient) and they were made using materials and a growth technique that was
cheap compared to crystalline semiconductor devices (epitaxially grown inorganic light

emitting devices). Shortly after this demonstration of vacuum deposited molecular

771

materials, Burroughes and co-workers'’”’ made thin films of polymeric materials and

showed that they could be used in efficient electroluminescent devices.
The field of organic light emitting devices (OLEDs) began to advance rapidly

when it was realized that bright and efficient OLED-based flat panel displays were

[78,79] t[SO]

achievable with this technology . Now OLEDs can be found in their transparen

flexible!®!!, metal-free™, or phosphorescent™ ! forms and are commercially available
in digital cameras (Figure 1.8(d)), personal digital assistants, car stereo systems, cell
phones, head-up displays in aircraft, and displays inside high-end sports cars. Much

work has gone into improving the external quantum efficiency (EQE)™®*"! of OLEDs,

(88] [89.90

narrowing their emission spectra®®, increasing device lifetime™*”!, lowering operating

[91,92

voltages'”"*!, and understanding how they operate’””!. Significant effort has been placed

#9931 and patterning®® organic materials for

on developing new means of depositing!
OLED displays as well. The OLED technology has matured to the point where 40 inch

polymer based flat panel displays with lifetimes of ~10,000 hours have been fabricated
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(by Samsung and Epson), but will not be available for purchase until 2007 (Figure
1.8(c)). Initial commercial displays had EQEs of near 1 %, while current laboratory
pixels have been demonstrated with EQEs of ~20 % corresponding to an internal
quantum efficiency of ~100 %Y.

One of the major advantages OLEDs have over traditional flat panel display
technologies is based on the ability to deposit the organic materials over large areas in a
more scalable manufacturing process making it potentially more cost effective. This is
much more applicable to the polymer materials that can be inkjet printed than the small
molecule organics that are typically deposited using vacuum thermal evaporation.
Because the pixels in OLED displays are emissive and are either on or off, the contrast
ratios are much better than liquid crystal displays (LCDs). The light in LCDs is
generated by a white fluorescent back-light, which is then polarized and filtered to create
red, green, and blue pixels. The liquid crystals function as a voltage driven light valve,
allowing light to pass or not depending on the voltage applied across the cell. When the
crystals are oriented such that the polarized light is being blocked, the pixel is off. The
LCD pixels are, however, incapable of showing true black due to some light always
leaking through.

The OLED technology also has better color saturation and range of accessible
colors in the display (based on the linewidth of the red, green, and blue emission and their
respective CIE chromaticity diagram color coordinates compared to those of an LCD
display) than LCD or plasma displays as well as higher brightness and viewing angle
based on each pixel directly emitting light. OLEDs use considerably less power

compared to LCDs as well (only the active pixels are switched on in OLEDS compared
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to LCDs where the backlight is on continuously and much of the light is lost due to pixels
being off, filtering, and polarization), which makes them ideal for mobile applications.
Lastly, the fact that OLEDs can be fabricated on flexible substrates opens the door to new
applications such as roll-up displays or displays embedded in clothing.

1.2.2 Fabrication and Patterning

The focus of this section is on the fabrication and operating principles of small
molecule OLEDs given that this thesis is based on the incorporation of semiconductor
nanocrystals (NCs) into small organic molecule devices, not polymer based OLEDs.
Both small molecule and polymer OLEDs have been combined with semiconductor NCs,
see section 1.3.1 for details, and both OLED technologies have their advantages and
disadvantages. Polymer OLEDs have the flexibility and diversity of polymer design as
well as the low cost of wet deposition techniques which do not require the use of vacuum
equipment, while small molecule OLEDs have the higher purity of available materials,
the reproducibility and thickness control of vacuum evaporation, and ultimately the
higher performance metrics that have been achieved compared to polymer OLEDs. We
have the advantage of being able to combine semiconductor NCs with both sets of
deposition techniques and materials and thus can pursue the technology that seems more
promising.

Small molecule organics are most commonly deposited in thin films for OLED
fabrication by vacuum thermal evaporation (VTE) in contrast to inkjet printing or spin-
casting used to create polymer OLEDs. Small molecules used in OLEDs such as
aluminum #ris(8-hydroxyquinoline) (Alq;) are generally not soluble enough in

concentrations necessary to fabricate thin films using spin-casting or inkjet printing,
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while polymers would decompose before reaching temperatures high enough to evaporate
them due to their high molecular weights. VTE of small organic molecules is a
reproducible and ultra clean method for depositing large area, homogenous amorphous
thin films. In a low pressure (typically 10 torr) vacuum chamber a resistive metal boat
(typically tungsten, molybdenum, or tantalum), containing the organic material, is heated
by the passage of electrical current (Figure 1.7). The organic material evaporates or
sublimes when the temperature is high enough and the material travels at some initial
speed and direction that is not changed until it hits the substrate or chamber wall, which
are cold enough to cause it to condense on contact. The substrate onto which the organic
material i1s being deposited is typically rotated to reduce non-uniformities in one
direction. 70-99% (depending on throw distance) of the material in the boat is deposited

®7 " Film thickness is

on the walls of the vacuum chamber, rather than the substrate
observed using a quartz crystal thickness monitor and when the desired film thickness is
reached, the growth can be shuttered off to stop film growth abruptly (Figure 1.7). Not
only are all of the organic layers in small molecule OLEDs deposited using VTE, but the

top metal cathode as well.

Patterning of the cathode as well as the emissive layers in VTE is most commonly
achieved using a shadow mask. Typically a thin metal foil with the desired pattern cut
out of it is used. The shadow mask is suspended as close as possible to the substrate and
the organic or low melting metal (i.e. Ag) material is deposited on the substrate in the
desired pattern as the material passes through the holes in the mask. The material that
does not pass through the mask is deposited onto the mask (like a spray-paint stencil).

This patterning technique is very simple and valuable, but has serious problems when it is
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Figure 1.7 Cartoon of a vacuum thermal evaporator used to deposit thin films
of organic small molecules and low melting metals for the fabrication of
OLEDs. The metal source boats, shown in red, are resistively heated until the
organic or low melting metal material begins to evaporate. The gas phase
materials travel unimpeded in vacuum until they collide with the substrate,
shown in green, or the chamber wall and condense. When the desired film
thickness on the substrate is reached (determined by the quartz crystal
thickness monitor), growth is abruptly stopped by closing the shutter located
just below the substrate. Picture courtesy of S. Coe-Sullivan, PhD Thesis,
ML.LT. (2005).

employed in large scale manufacturing of OLED displays. Scaling up to substrates larger
than four inches in diagonal has proven difficult because the thin foil shadow mask sags
in the middle when stretched over considerable distances and produces non-uniform
patterned films. Too much tension on the foil mask will tear it and if the mask is made
too thick the uniformity of the deposited organic film suffers. Another problem is the
organic material buildup on the shadow mask and the chamber walls that occurs
overtime. The organic and metal buildup on these surfaces becomes a source of impurity

and particulates in the chamber, reducing yields of subsequent runs, and requiring the
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masks and the chambers to be cleaned. Shadow masking wastes material, which further

decreases the material utilization rate and increases the cost to manufacture.

1.2.3 Device Structure and Operation

The device structure and operating principles of hybrid organic/inorganic
quantum dot light-emitting devices (QD-LEDs) and OLEDs are very similar. As a result,
understanding how OLEDs function is important to this body of work. The first small

molecule OLEDs with low operating voltages, made by Tang and VanSlyke!’®

, were
based on aluminum #ris(8-hydroxyquinoline) (Alqs) / N,N’-diphenyl-N,N’-bis(3-
methylphenyl)-(1,1’-biphenyl)-4,4’-diamine (TPD) single heterostructures, where Alq;
served as both the electron transport layer (ETL) and the luminescent layer (LL), while
TPD functioned as the hole transport layer (HTL). Figure 1.8(a) shows a cross-sectional
diagram of a general double-heterojunction OLED, where the functions of the ETL, HTL,
and LL are performed by separate organic materials. When a bias is applied across the
Alq; — TPD single heterostructure, holes are injected from the transparent anode (indium-
tin oxide (ITO)) into the TPD and are transported via hoping from one molecule to the
next through the TPD to the TPD- Alq; interface, where they buildup at the band edge
mismatch (Figure 1.8(b)). At the same time, electrons are injected from the low work
function metal cathode (typically Mg:Ag or Li:Al alloys) into the Alq; and are
transported via hoping through the Alq; thin film to the TPD- Alqs interface where they
also accumulate. In the vicinity of the ETL-HTL interface, holes and electrons meet on
TPD and Alg; molecules to form a tightly bound electron-hole pair (Frenkel exciton).
The excitons live for approximately 1-10 ns (exciton lifetime), before they radiatively

recombine generating light or nonradiatively recombine to generate heat. This region of
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Figure 1.8 (A) Cross-sectional diagram of a general double-heterojunction OLED, where the
functions of the ETL, HTL, and LL are performed by separate organic materials to create red pixels
next to green pixels next to blue pixels for full color OLED displays. (B) Principle of operation of a
typical OLED, where electrons and holes in their respective transport layers travel towards the
recombination region created by the interface between the two films. In this region, an electron and
hole may combine on a molecule to create an exciton, which can then recombine radiatively
generating a photon of light at the characteristic wavelength of that molecule. (C) 40 inch diagonal
polymer based OLED display recently fabricated by Samsung (not available for purchase until
2007). (D) small molecule based OLED display currently available for purchase in Kodak digital
cameras.

fhe device where the excitons are generated and relax is known as the “recombination
zone”, whose width is determined by the diffusion length of carriers and excitons in the
emitting material (Figure 1.8(b)). Excitons can diffuse from one molecule to another via
energy transfer processes before they relax and as a result all of the excitons in the TPD-

Alq; device transfer their energy to the Alq; molecules prior to relaxing. This is evident

by the fact that no TPD emission is observed in these devices.
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Injected electrons and holes are presumed to be uncorrelated in the process of
electroluminescence (EL) and can form both singlet and triplet excitons. Approximately
one singlet exciton is created for every three triplet excitons”®® in OLEDs (based on their
multiplicity) and because the ground state is typically spin-antisymmetric (like singlet
excitons), only relaxations of singlet excitons conserve spin and generate fluorescence,
while the energy in triplet excitons is wasted. Studies on Alqs-based OLEDs indicate that
60 % of the carriers injected into the device do not form excitons, or form excitons that
are rapidly quenched at defects or transfer their energy to surface plasmon modes in the

[99]

metal electrode or to lossy waveguide modes" . Of the approximately 40 % of injected

carriers that do form excitons that can contribute to a luminescent process, only 22 + 3 %

%91 " To make matters worse, only approximately 20 % of the photons

are singlet states
generated make it out of the device through the glass substrate. All of these effects
combine to give an external quantum efficiency (EQE) (the number of electrons injected
versus the number of photons observed by a detector external to the device) of roughly
1% for the “conventional” Alqgs;-diamine OLED. The EQE (n.x) can be expressed in the
following way: Nex = ¥'NpLM: ‘MNe, Where y is the fraction of charge carrier recombinations

resulting in singlet excitons, npp is the photoluminescence efficiency of the material in

the solid state, 1, 1s the fraction of injected electrons that form excitons, and n. is the
fraction of emitted photons that are coupled out of the device™'.

The emission color and efficiency of the conventional Alqg;-diamine OLED
structure was quickly improved upon after its first demonstration in 1987 by doping the

[100]

active layers with high-quantum-efficiency luminescent dyes When a luminescent

guest molecule is embedded in a donor host material, the excited donor molecule
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Figure 1.9 (A) Electroluminescence of Alqs electron transport layer, and Alq; doped with
fluorescent DCM2 and phosphorescent PtOEP. The chemical formula for these organic
materials is shown as well as a-NPD, which was used as the HTL in these devices instead of
TPD. Picture courtesy of S. Coe-Sullivan, PhD Thesis, M.I.T. (2005). (B) A pictorial
representation of Forster and Dexter processes in singlet-singlet energy transfer, which
enables increased luminescence efficiency, color saturation, and color tunability in doped
OLEDs as shown in (A).

(Donor*) can transfer its energy (exciton) to the luminescent acceptor molecule in the
ground state (Acceptor). The two possible mechanisms for exciton energy transfer in
OLEDs are Forster or Dexter energy transfer as shown pictorially in Figure 1.9(b)!"°",

The luminescent guest molecules can also be directly excited (exciton formation directly

on the guest molecules) if the energy level structure of the guest molecules relative to the
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host molecules causes electrons or holes to be trapped as the carriers are traveling
through the host. In some doped organic thin films, exciton energy transfer can increase
the luminescence of the guest molecules, while quenching that of the host molecules
completely. Less than 1 % doping of guest molecules into the electrically pumped host
layer is sufficient to quench the host luminescence. Low dopant concentrations provide
highly efficient luminescence due to the reduction in exciton-exciton quenching when the
guest molecules are separated from one another by relatively large distances. Figure
1.9(a) shows some examples of doped Alq; OLEDs. For comparison, the luminescence
spectrum of undoped Alqs is also shown. Forster energy transfer in Alqs:(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 external

emission efficiency of ~ 0.5 % photons per injected carrier!'°*'%1

. Dexter energy transfer
in Alqs:(6%) PtOEP (2,3,7,8,12,13,17,18-octaethyl-21H,23H-porphine platinum (II))
OLEDs leads to highly efficient, ~ 4%, saturated red phosphorescence when triplet

excitons as well as singlet excitons contribute to the luminescence™!.

1.3 Hybrid Organic/Inorganic Nanocrystal Light Emitting Devices

1.3.1 Motivation and Historical Perspective

OLEDs are a great technology that has already made it into the market place for
many display applications, but it is slowly becoming clear that there are several basic
physical problems that will continue to be difficult to overcome with any organic

material. Currently, the largest problem is that of OLED device lifetime. The lifetimes

* Much of this section has appeared in print (S. Coe-Sullivan et al,Org. Electr.2003, 4, 123)
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of OLEDs have been extended by using new chemistry to prevent crystallization, and
more sophisticated packaging schemes!' ™ to prevent water and oxygen from degrading
the emitting molecules, but this has only taken the lifetimes of small area commercial

(1041 Also, the packaging methods are difficult to

displays into the range of 10,000 hours
use with flexible substrates, which is partly why flexible displays are not yet available.
Semiconductor nanocrystals (NCs) in contrast are much more stable to degradation
overtime in the presence of oxygen and water than organic molecules making them very
interesting as the emitters (dopant) in OLED devices.

Blue and red OLEDs that have lifetimes long enough to use in large area
commercial displays are a particular problem based on the fact that blue and red OLEDs
have to be run at higher intensities compared to green devices to be perceived as the same
brightness by the human eye. This is true because the human perception of luminous
intensity peaks sharply in the green and drops off dramatically as we move to the blue
and red side of the visible spectrum. 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; therefore the creation of efficient emitters at the visible spectrum’s
extremes requires a narrowband source. The emission spectra of organic molecules are
fundamentally broader than semiconductor NCs. NC emission spectra are typically half
as broad as most organic molecule spectra (NCs on average have full widths at half
maximum (FWHM) of 30 nm) making them very suitable to create efficient and saturated
in color LEDs in the red and blue.

Another problem that small molecule OLED manufacturers are dealing with is

how to laterally pattern red, green and blue materials on a substrate to create large area
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full color displays in a truly manufacturable process. As discussed in section 1.2.2,
shadow masking has size limitations as well as material utilization and impurity
problems, which will require the development of a new patterning technique for the
manufacture of large area small molecule OLED displays. The use of NCs as the emitter
in OLED displays would require the patterning of only the NC layer, alleviating the need
to pattern the organics. As discussed in Chapter 6, we have adopted a method to pattern
and deposit dry thin films of NCs for device fabrication, which shows promise as a
technique to manufacture large area NC based OLED displays. In addition to these
advantages NCs have over organic molecules for use as the emitter in OLED displays,
the emission spectrum of NCs can be tuned to plus or minus 5 nm of any desired color of
visible emission as well as into the near infrared and near ultraviolet portions of the
electromagnetic spectrum.

Many of the factors discussed above contributed to the initial motivation for
researchers to create NC light emitting devices or quantum dot light emitting devices
(QD-LEDs). The first QD-LED made using colloidally grown NCs was a bilayer device
utilizing a polymer hole transporting layer and a 15-25 nm thick NC (CdSe cores with no
ZnS shell) film (5 NC monolayers of 3-5 nm diameter) as the electron transporting

(1951 This device structure required the transport of electrons from NC to NC

layer
through the multilayers of NCs located near the cathode. Around the same time, a QD-
LED structure was fabricated incorporating NCs within a semiconducting polymer matrix
in a single layer sandwiched between the cathode and the anode!"®). This device structure

involved the NCs (CdSe cores with no ZnS shell) in both electron and hole transport and

likely resulted in charged NCs, which are much less efficient emitters due to the Auger
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process discussed in section 1.1.2. While the external EL quantum efficiency reported in
both papers was low (ne < 0.01 %), the studies demonstrated that electrically generated
NC EL was possible, alluding to the technological potential of QD-LEDs.

Subsequent papers explored the benefits of combining these two approaches!''*®),
as well as the use of (CdSe)ZnS core-shell!"” and (CdSe)CdS core-shell NCs!'*!.
Development of these devices yielded nex as high as 0.22 %% but with response times
in excess of several seconds. (InAs)ZnSe core-shell NCs were used to generate efficient
EL in the near infrared, by blending films of NCs and polymers between opposing

electrodes!' .

External quantum efficiencies of as high as 0.5 % were reported in this
work. This was followed by the demonstration of nex = 0.5 % visible emitting QD-LEDs

that incorporate a single layer of (CdSe)ZnS core-shell NCs in a molecular organic

structure by Coe and Woo''% Extensions upon this have since yielded ne = 1.1 DA

and most recently n.. = 2 %!"""l. The fast response time and higher EQEs of these latest
devices matches that of fluorescent OLEDs.
1.3.2 Device Structure and Design

Looking back at the two major categories of devices fabricated prior to 2002 it is
possible to analyze the shortcomings of these devices. For devices in which NCs were
homogeneously distributed in a polymer matrix, the NCs were most likely strongly
influencing the film morphology and charge conduction through the polymer layer.
Rough surface morphology, typical of thick (more than a few monolayers) NC 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 NCs were deposited as thick, neat films, the NCs functioned as
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both lumophores and charge transport layers. NC photoconductivity experiments provide
direct evidence of the poor conduction properties of thick NC films relative to organic

(2] Neat NC films are essentially insulating due to carriers having to

semiconductors
overcome large energy barriers created by the organic capping molecules as they hop
from one NC to the next (Figure 1.10(b)). In addition, thin films that have both charge
and excitons present often undergo quenching mechanisms such as polaron-exciton

(131 A single monolayer of NCs, sandwiched

quenching or Auger recombination
between two thin films of molecular organic semiconductors allows the NCs to function
exclusively as lumophores (Figure 1.10(a)). In small molecule OLEDs, charge injection,

transport, and light emission are controlled using separate layers optimized for these

(A) (

B)
Organic Capping Groups
ZnS Shell
CdSe Shell NC .
QD monolayer €
50nm Ag | ,/
50 nm Mg:Ag| ! CdSe
iElectron Transaort Layer ,/l
Hole Transport Layer ZnS j.l
ITO
Glass Organic Capping g intersite
Groups spacing

Figure 1.10 (A) Basic QD-LED structure, where a monolayer of NCs is resides between a
small organic molecule electron transport layer and a hole transport layer, which removes the
need for the NCs to participate in charge transport while using them solely for their light
emission properties. (B) Energy band diagram showing the difficulty of conducting electrons
from one NC to another due to the large energy barrier created by the organic capping
molecules on the NCs.
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functions. The ability to create layered structures of distinct materials is one of the
principle advantages small molecule OLEDs have over polymer OLEDs and in part
explains the higher device efficiencies that have been achieved by small molecule
OLEDs. All previous work attempting to create efficient QD-LEDs focused on using
polymers as the NC matrix, but it wasn’t until small molecule organics were employed
that distinct layered structures were made to isolate the function of the NCs. The result
of incorporating NCs into small molecule OLEDs was QD-LED devices that are both
more efficient and easier to optimize.

The basic QD-LED structure shown in Figure 1.10(a) is made in the following
manner'”). The HTL and NC monolayer bilayer film is first deposited from a solution of
N, N’-diphenyl-N, N’-bis(3-methylphenyl)-(1, 1’-biphenyl)-4, 4’-diamine (TPD) and
(CdSe)ZnS core-shell NCs in chloroform that is spin coated onto a cleaned ITO coated
glass substrate. Phase separation (discussed in detail in Chapter 5) occurs as the solvent
dries during this process forming the TPD/NC (40 nm total thickness) bilayer. The
relative amount of TPD can be varied to control the TPD layer thickness, and the NC
concentration in solution is used to optimize the NC monolayer coverage. A 30 nm thick
film of tris-(8-hydroxyquinoline) aluminum (Algs) is then thermally evaporated on top of
the NC monolayer followed by an evaporated Mg:Ag/Ag electrode (50:1 Mg:Ag by
weight), which is patterned using a contact shadow mask. The spin-on deposition of the
HTL-NC bilayer is done within a controlled nitrogen environment (< 5 ppm O, H,0)

and the evaporator base pressure is 5x10™® Torr.
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1.3.3 Device Operation

As shown in Figure 1.10(a), the QD-LED device structure is essentially a single
heterojunction small molecule OLED device with a monolayer of NCs located exactly at
the HTL-ETL interface (recombination region). When electrons are injected into the
ETL from the cathode and holes into the HTL from the anode they meet in the
recombination zone as they would in a regular OLED device and create excitons on the
ETL and HTL molecules as well as on the NCs. Two possible mechanisms were
proposed for how the NCs in these devices are excited to create electroluminescence and
in fact both mechanisms are possible depending on the device structure made. Figure
1.11 graphically depicts both of these processes, exciton energy transfer and direct charge
injection. In exciton energy transfer, as discussed in section 1.2.3 and shown pictorially
in Figure 1.9(b), an exciton created on neighboring organic molecules of higher exciton
energy can transfer its energy, either through Dexter or Forster energy transfer, to the
NCs. This is analogous to energy transfer from a host molecule to a dopant molecule in
doped small molecule OLED devices discussed in section 1.2.3. Direct charge injection
occurs when an electron and hole (negatively and positively charge polaron) are
introduced directly into the NCs as they are moving through the device to create an
exciton on the NCs. Because Dexter energy transfer occurs over very short distances (6-
20 A) compared to Forster energy transfer (30-100 A) the energy transfer mechanism that
would dominate in QD-LEDs is Forster energy transfer.

As shown in Figure 1.12, the EL spectrum of these devices contain both NC
emission as well as organic molecule emission. In the energy transfer picture, the organic

emission can be attributed to the recombination of excitons in the organic molecules
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Figure 1.11 Two possible electroluminescence pathways for nanocrystals embedded in a
small molecule OLED. The organic molecules can energy transfer their excitons to the NCs,
shown on the left, or the electron and hole (negatively and positively charge polaron) can be
directly injected into the NCs, shown on the right to create an exciton that can radiatively
recombine to produce light.

which are at a distance greater than the Forster energy transfer radius from the nearest
NC. Therefore, at lower currents, either all excitons have energy transferred from
organic molecules to NCs, or alternatively, they are initially formed by direct charge
injection on the NC sites. It was found that inserting a hole blocking layer (HBL)
between the NC monolayer and the ETL (Alq3) served to limit the number of excitons
generated on Alqs molecules by blocking holes from getting into the Alq; layer. Figure
1.13(a) shows the band structure for a QD-LED with the HBL 3-(4-Biphenylyl)-4-
phenyl-5-tert-butylphenyl-1, 2, 4-triazole (TAZ) inserted between the NCs and the ETL.
This made a significant difference in the ratio of NC EL to organic EL in these devices.
As seen in Figure 1.14 the percentage of organic emission seen in the devices decreases
significantly when TAZ is used. Because a significant percentage of holes are being
blocked from reaching the Alg; molecules by the TAZ, the Alqs EL decreases and a small

amount of emission is seen from the TPD.
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Figure 1.12 Typical normalized QD-LED electroluminescence spectra of three different sized
NC samples measured at (a) low current levels (0.38-13 mA/cm®), where most (> 70 % in all
cases) of the emission is from the NCs in the device, with only small spectral contributions from
either Alqs (when TAZ layer is omitted) or TPD (when TAZ layer is present) (b) moderate
current levels (130 mA/cm?), 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 0.38 mA/cm’ to 380mA/cm?).
Note that the devices emitting at 540 nm and 560 nm are the same in (a) and (b). At low
currents, a larger portion of the excitons are created within a Forster energy transfer radius of the
NC monolayer. For all devices, 0.2 % < EQE < 0.5 %.
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Figure 1.13 (A) Energy diagram for QD-LEDs of the type shown in the cross-sectional
diagram in (B). The highest occupied molecular orbital (HOMO) and lowest unoccupied
molecular orbital (LUMO) band energies were determined from photoemission spectroscopy
and inverse photoemission spectroscopy measurements'''*), while the NC energy structure has
been calculated""”.
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Figure 1.14 Electroluminescence spectra of two devices made with the same NCs, where
(A) is simply an Alq;-NC-TPD device and (B) is the same device with the hole blocking
layer TAZ grown between the Alg; and the NC monolayer. Spectral peaks at wavelengths
of 562 and 400 nm, and the broader shoulder centred at 530 nm, are attributed to emission
from NCs, TPD and Algs, respectively. The green and organge lines in (A) show the
decomposition of the electroluminescence spectra into Alqs, TPD, and NC contributions,
which are quantified in terms of an emission fraction (f;). The respective divice cross-
sections are shown for comparison as insets as well as the molecular structure of the small
organic molecules TPD, Algs, and TAZ.

Figure 1.12(a) shows the EL spectra of different QD-LEDs operated at low
current density (0.38-13 mA/cm®). The spectra demonstrate the ability to fabricate
devices which yield highly monochromatic EL that is tunable from 540 nm to 635 nm,
corresponding to the PL spectrum of each NC starting solution. The EL of these devices
has greater than 70% NC emission. The remaining organic (Alqs or TPD) EL is due to
the presence of voids, grain boundaries, and interstitial spaces in the NC monolayers that
allow the creation of excitons on organic sites as depicted in Figure 1.15. For example,
excitons generated in region A, deep within the electron transporting layer, are more than
the Forster energy transfer radius (Rr) away from the nearest NC, resulting in organic EL.

Similarly, excitons in region B, within the monolayer void, will result in organic EL.
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Figure 1.15 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-NC Forster energy transfer radius (Ry) (region 4 in the figure),
resulting in an increased contribution of organic (Alq; or TPD) luminescence to the EL
spectrum. Excitons created at voids (region B in the figure), interstitial spaces and grain
boundaries of the NC monolayer may also be farther than Ry away from the nearest NC.

Figure 1.12(b) shows the EL spectra of QD-LEDs operated at higher current
density (130 mA/cm’). Comparing to Figure 1.12(a), it is clear that the fraction of
emission coming from organic lumophores has increased. Figure 1.12(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 NC to organic EL signifies a
notable change in the exciton generation process. At the current density of 130 mA/cm’,
at most 10° electrons per second arrive at each NC site so that the rapid NC exciton
relaxation (thin film CdSe NC exciton lifetime is less than 10 ns!'') keeps the NC
exciton density at less than 1 %. Such a low NC exciton population should not modify
the organic-NC exciton transfer rate, and consequently the change in the NC emission

fraction with current could be due to a change in the exciton recombination region width.
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®91 it was proposed that the exciton recombination

As was seen in an earlier study
region of QD-LEDs broadens with increasing current, which was confirmed by using an
archetype OLED system, DCM2 doped into a TPD/Alq; structure. The OLED cross-
section is shown in Figure 1.16(b), with the red laser dye DCM2 used in place of NCs.
The dye i1s doped at low concentration (2% by weight) in a 5 nm thick Alq; layer, to
closely model the thin two-dimensional NC sheet that makes up the emissive layer of the
QD-LED structures. With this device the performance of a very thin and extensively
characterized lumophore layer was studied, eliminating NCs as a performance modifier.
The spectral dependence on current density was then measured over 4 decades of current.
From the normalized EL spectra in Figure 1.16(a) it is clear that the ratio of Alqs to
DCM2 emission rises with increasing current density. The observed changes in Figure
1.16(a) are consistent with the spectral changes of the QD-LED in Figure 1.12(c).
Equivalently, the organic emission in the QD-LED devices is a consequence of the very
thin NC lumophore layer, suggesting the need for better confinement of excitons near the
NCs. To date, however, fabrication of an effective exciton confinement structure has
been complicated by the difficulty in depositing a uniform thin (< 10 nm) aromatic film
on top of an alkane capped NC monolayer, as morphological studies have explored """,

Recent studies”’! indicate that efficient Forster energy transfer occurs from
phosphorescent organic molecules to NC monolayers when they are located adjacent to
one another. If Forster energy transfer is the mechanism for efficient EL in these hybrid
organic/inorganic QD-LED devices, then changing the organic molecules located next to

the NCs from fluorescent to phosphorescent species is expected to quadruple the

observed EL external quantum efficiency. Repeated attempts at this experiment (in
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Figure 1.16 Normalized clectroluminescence spectra from the DCM2 doped OLED
structure shown in (B). The five curves are at five different current levels, each an order
of magnitude higher than the previous. At the lowest current density (0.13 mA/cm®) 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.

various device structures) have failed to demonstrate an efficiency increase. Instead it is
usually coupled to an efficiency decrease despite the far greater EQE that is achieved in
these phosphorescent OLEDs which do not include a NC monolayer. Further studies””!
indicate that the NCs trap electrons during device operation. As mentioned earlier, the
Auger process most likely quenches excited NCs that are charged, so an exciton that is
energy transferred to a charged NC will probably be quenched before radiatively
recombining. This suggests that the efficient emission process in these QD-LEDs is most
likely direct injection of charge (both holes and electrons) into the NC to create neutral
excitons which can then recombine radiatively before an additional electron is injected.
The creation of more efficient devices operating by this mechanism requires a finely

balanced injection of electrons and holes into the NCs, which the QD-LED device band

diagram (Figure 1.13(a)) suggests will be challenging.
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1.4 Overview of Thesis

The fabrication of QD-LEDs consists of first synthesizing the semiconductor
nanocrystals (NCs) with the desired properties followed by the incorporation of these
NCs into OLED based device structures. Along this theme, this thesis is divided into two
major sections. The first being the synthesis and characterization of the NC materials,
Chapters 2, 3, and 4, followed by the fabrication and characterization of the resulting
QD-LEDs, Chapters 5 and 6. Chapter 2 introduces the semiconductor PbSe and
discusses in detail the synthesis, characterization, and properties of PbSe NCs, as well as
how the simple PbSe NC synthesis can be used as a platform to look in depth at the
mechanism for how molecular precursors are reduced to form solid crystalline NCs in
solution in the presence of phosphorous containing molecules. Chapters 3 and 4 discuss
the synthesis and characterization of new blue and green emitting NCs optimized for QD-
LED display applications as well as, in the case for the blue emitting NCs, how they were
also useful in NC lasing and biological imaging. Chapter 5 discusses the study of phase
separation, the first technique developed to produce NC monolayers for efficient QD-
LED fabrication, as well as the recent near infrared, blue, and red QD-LEDs fabricated
using this method from the materials discussed in Chapters 2 and 3. Chapter 6 finishes
off the thesis with the introduction of a new technique for patterning and depositing NC
monolayers for QD-LED fabrication, known as micro-contact printing, as well as
demonstrates its potential as a QD-LED fabrication technique for the creation of color

saturated red, green, and blue patterned devices towards full color QD-LED displays.
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Chapter 2

PbSe Nanocrystals

2.1 Introduction

PbSe 1s a IV-VI binary semiconductor with a bulk band gap of 0.26 eV (4769
nm). It has a very large exciton Bohr radius (46 nm)'"! compared to most semiconductors
and as a result, PbSe nanocrystals (NCs) with diameters in the synthetically accessible
range of 2-16 nm exhibit strong quantum confinement. In contrast CdSe has an exciton
Bohr radius of 6 nm!"! and like most other 1I-VI and 1II-V semiconductors, has a hole
Bohr radius of ~1 nm'"*, due to the large hole mass. PbSe has similarly small electron
and hole masses, resulting in electron and hole Bohr radii of 23 nm'. The result of these
large confinement energies in PbSe NCs in the particle size regime of 2-16 nm is a band

gap tuning range of ~2500 nm'**"!

, compared to a tuning range of ~250 nm (2-15 nm in
diameter) for CdSel. PbSe crystallizes in the cubic sodium chloride structure in the bulk
as well as in the NC regime, whereas CdSe and most other II-VI and III-V
semiconductors take on the wurtzite or zinc-blende crystal structure. This difference in
crystal structure between PbSe and most other 1I-VI and 11I-V semiconductors has led to
the great difficulty encountered in trying to overcoat the PbSe NCs with a larger band gap
semiconductor in order to increase its stability and efficiency for use in solid state
devices. Not many large band gap semiconductors or for that matter semiconductors in

general adopt the rock salt crystal structure and those that over the years have become

most common in NC core-shell preparation all adapt the wurtzite or zinc-blende crystal
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structure. Typically very ionic materials such as NaF, KCl, FeCl, Cul, HgCl, CaS, AgCl,
etc. adapt the rock salt crystal structure, but unfortunately these materials are for the most
part not stable to water and oxygen. This instability to water and oxygen applies to
interesting large band gap semiconductor materials such as MgS and MgSe (both adopt
the rock salt crystal structure) as well. Attempts to overcoat PbSe with CdSe, ZnSe, and
ZnS were made by me and others (V. Klimov’s group), but a true core-shell structure has
not been realized to date. Two literature reports claim to have overcoated PbSe NCs with
PbS!*"! (bulk band gap is 0.37 eV and crystallizes in the rock salt structure with a lattice
mismatch of only ~3% from PbSe), but because of the extremely small difference in band
gap energy between PbSe and PbS, this effectively does nothing to maintain exciton
confinement in the PbSe core, leading to what is essentially a larger PbSe particle. PbS,
however, may be less susceptible to oxidation compared to PbSe and therefore provide a
slight increase in NC stability. Other much less common materials such as SnSe, InSe, or
GaSe may prove to be more suitable for the successful growth of a larger band gap
semiconductor shell onto PbSe NCs.

PbSe NCs have been synthesized and used for many different applications.
Because the very simple PbSe NC growth procedure, first described by Murray and co-
workers!™, can be made to produce very narrow size distributions, PbSe NCs have been
used to form highly ordered close packed NC films over large areas in complex systemsm
as well as simple hexagonally close packed systems!'”. And because their optical
properties address the near-infrared (NIR) portion of the wavelength spectrum, they have
been used to fabricate large area NIR-emitting QD-LEDs™), films that exhibit NIR

[

optically pumped amplified spontaneous emission' ', PbSe containing polymeric
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Waveguides[m, and PbSe NC based efficient passive Q-switches in NIR pulsed lasers!'*!.
Lastly, PbSe NCs have enabled the observation of both hole and electron injection into
quantum confined states of colloidal NCs!'*! for the first time, as well as the observation
that impact ionization (the inverse of Auger recombination) occurs with high efficiency

in semiconductor NCs!”!

. These observations were possible for the first time due to the
small band gap of PbSe and the high degree of quantum confinement obtainable using

this material.

2.2 PbSe Nanocrystal Synthesis and Characterization

2.2.1 Background

PbSe nanocrystals (NCs) with size distributions narrow enough to measure
structured absorption spectra were first synthesized and characterized by Lipovskii and
co-workers''®!. This was achieved through phase decomposition of a PbSe solid solution
in a phosphate glass host. The NCs made using this method were then trapped in the
glass host and as a result could not be manipulated for more in depth study and
characterization or used in fabrication of active devices. It was not until Murray and co-
workers™®! developed a colloidal synthesis of high-quality PbSe NCs that the scientific
community could begin to study in more depth and use PbSe NCs for practical
applications.
2.2.2 Diphenyl Ether Based Synthesis (TEM, XRD, WDS)

Based on this brief, non detailed colloidal synthesis by Murray and co-workers'™,
this PbSe NC synthesis was optimized and enhanced to yield high-quality PbSe NCs with

very narrow size distributions in the size regime of 2 nm to 10 nm (corresponding to
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Solvent

Inject 120-180°C
—————————

Pb precursor + TOPSe PbSe NCs

Reaction Scheme 2.1 General reaction scheme for the growth of PbSe NCs. Lead acetate is

mixed with oleic acid in a solvent to form the lead precursor. Then TOPSe is injected into the

solution containing the lead precursor to form the PbSe NCs.
absorption peaks L = 1.0 um (1.2 eV) to A > 2.4 um (<0.5 eV), respectively). The basic
synthesis scheme is shown in Reaction Scheme 2.1 and pictorially in Figure 2.1. Pb
acetate is degassed in the presence of oleic acid to form Pb oleate (Pb precursor). This
can be done in many different solvents. The solvent used by Murray and co-workers was
diphenyl ether (DPE), which is also the solvent used here initially. I found that other
solvents such as squalene, tri-n-octylphosphine (TOP), dioctyl ether (DOE), and
octadecene (ODE) can be used as well, which will be discussed shortly. Tri-n-
octylphosphine selenide (TOPSe) is then injected into the hot flask of Pb oleate in
solution to form the PbSe NCs (see Figure 2.1).

The detailed description of the DPE based synthesis that was found to produce
good particles goes as follows: 5 mL of 1M TOPSe (TOPSe was made by dissolving
selenium shot (Alfa Aesar) in TOP (early work used 90 % TCI or Alfa Aesar and later
work used 97 % Strem) and stirring overnight) was injected into a round bottom flask
containing stirring, degassed (pulled vacuum for 2 hrs. at 85°C) DPE (99 % Alfa Aesar)
(15-25 mL), oleic acid (99 % TCT) (1-2 mmol), and lead (IT) acetate trihydrate (99.999 %
Aldrich) (1 mmol), under argon, at a temperature of 100-180°C. After injection, the

nucleated particles were grown for 0-5 minutes while the temperature was ramping back
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PbSe NCs

Se
Precursor
(TOPSe)

—

\

Pb precursor in Organic Solvent
(coordinating and/or non-coordinating)

Figure 2.1 Cartoon of the apparatus usced to synthesize the PbSe NCs. A
three neck round bottom flask equipped with a magnetic stir bar, condenser,
and temperature readout is shown. The TOPSe is injected into the flask via a
syringe pierced through a rubber septum and PbSe NCs form in the solution.

up to the injection temperature. After the growth time, the heating mantle was removed,
allowing the solution to cool to room temperature. No size selection was needed after
growth because the synthesis was optimized to give very narrow size distributions
directly. Particle sizes were tuned by changing the temperature of injection, the growth
time, and the concentration of precursors in the solution. These three parameters were
explored extensively and it was found that an increase in the concentration of selenium

and lead, while keeping their relative concentrations the same, yields smaller NCs and
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vice versa, an increase in injection temperature gives larger particles and vice versa, and

an increase in growth time produces larger NCs and vice versa.

Figure 2.2 HRTEM Image of 4.0 + 0.5 nm diameter PbSe particles
with two enlarged images (inset).

The PbSe NCs were removed from growth solution and purified in the following
manor (when purifying particles for use in devices everything was done in the glove box
using anhydrous solvents): (Note: This procedure is used for the DPE based PbSe NC
preparation) Excess methanol is added to the growth solution and the particles are
isolated via centrifugation (spun at 3900 rpm for 5 minutes). They are then redispersed in
1,1,2-trichlorotrifluoroethane and precipitated once more with methanol (a small amount
of methanol, ~1 mL, is needed to flocculate the particles in 1,1,2-

trichlorotrifluoroethane). After centrifugation (3900 rpm for 5 minutes) the NCs are
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rinsed with methanol and any excess solvents left behind are pulled off using vacuum.
The PbSe NCs were typically stored as dry powders under nitrogen because this was
found to lead to the least amount of degradation over time (oxidation of the surface).

PbSe NC degradation is discussed later in this chapter.

1.01\ Absorption PL -
\ e

Counts [arbitrary units]
o
(€)]

T T ' '
1000 1200 1400 1600
Wavelength [nm]

Figure 2.3 Typical diphenyl ether based PbSe NC
absorption (peak at A = 1456 nm) (FWHM = 125 nm /

73 meV) and photoluminescence (PL) (peak at A =
1500 nm) (FWHM = 130 nm / 72 meV) spectra.

Figure 2.2 depicts an ordered layer of 4.0 + 0.5 nm diameter PbSe NCs imaged by
high resolution transmission electron microscopy (HRTEM), showing in the inset an
enlarged view of the atomic planes from two NCs. The HRTEM was performed on a

JEOL-2010 electron microscope operated at 200kV by Michael Frongillo. Figure 2.3
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Figure 2.4 Absorption spectra of a size series of PbSe NCs ranging from 2.6 to
9.5 nm in diameter. Peak absorption corresponds to the wavelength of
absorption of the first absorption feature. Core sizes were measured from TEM
images such as in Figure 2.2. The uncertainty in measuring the particle
diameters is + 10%.

shows typical absorption and emission spectra for 5.0 £ 0.5 nm diameter PbSe NCs. The
optical absorption spectra of the PbSe NCs dispersed in 1,1,2-trichlorotrifluoroethane
were taken on a Carry 5E, UV-Vis-NIR spectrophotometer and the NIR
photoluminescence spectra were acquired using an InGaAs photodiode array cooled to
173 K (Roper Scientific OMA V) and monochromator (the NC solutions were excited

using a portable helium neon gas laser).
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Figure 2.5 Powder X-ray diffraction pattern of 5.5 nm diameter PbSe NCs. The
bulk PbSe pattern is shown as solid lines and the respective lattice planes are
indicated above each peak.

These PbSe NCs were made using the following recipe: A solution of Immol of
lead acetate trihydrate (Aldrich, 99.99 %) and 2mmol of oleic acid (TCI America, 99 %)
in 21 mL of diphenyl ether (99 % Alfa Aesar) was degassed for 2 hours at 85°C. 5mL of
IM TOPSe (TOP used was 97 % Strem) was injected at 155°C and grown for 3.5 min
while the temperature was ramping back up to ~155°C. After the growth time, the
heating mantle was removed, allowing the solution to cool to room temperature. PbSe
NC preparations such as the one outlined above can be modified slightly to yield smaller
or larger particles depending on what parameters are changed. As mentioned earlier,

simply by changing the temperature of injection, the growth time, and the concentration
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of precursors in the solution, one can tune through a very large NC size range as depicted

in Figure 2.4.

Normalized Absorption

T T T J T T \I T prem—
1000 1200 1400 1600 1800 2000

Wavelength (nm)

Figure 2.6 Absorption spectra of two PbSe NC preparations, identical to one
another except for the direct substitution of dioctyl ether (DOE) (solid) (peak at
A = 1472 nm and FWHM = 116 nm / 67 meV) for dipheny! ether (DPE)
(dashed) (pcak at A = 1407 nm and FWHM = 94 nm / 59 meV).

Using this procedure, good size distributions can be maintained from 2.6 to 9.5
nm diameter particles, which corresponds to a wavelength tuning range of 1100 nm to
2200 nm in absorption. To confirm that the PbSe NCs were crystallizing in the rock salt
crystal structure, powder X-ray diffraction (XRD) was performed on thick drop cast films
of the NCs. The powder patterns were obtained on a Rigaku Ru300 X-ray diffractometer.
Figure 2.5 shows the powder pattern of 5.5 nm diameter PbSe NCs. It is seen that the

pattern matches that of the bulk rock salt PbSe crystal powder pattern indicated by the
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solid lines. Elemental analysis of the PbSe NCs was done using wavelength dispersive
spectroscopy (WDS) on a JEOL JXA-733 Superprobes. The samples were prepared by
drop-casting thick films of purified NCs onto the shinny side of silicon. The average of

several measurements yielded a ratio of Pb to Se of 52:48, which is very close to 1:1.

I ' |

Squalene
i~

Normalized Absorption

T T T T T T T T
1000 1200 1400 1600 1800 2000

Wavelength (nm)

Figure 2.7 Absorption spectra of two PbSe NC preparations, identical to one
another except for the direct substitution of squalene (solid) (peak at A = 1706
nm and FWHM = 105 nm / 45 meV) for diphenyl ether (DPE) (dashed) (peak at
A =1420 nm and FWHM = 135 nm / 83 meV).

In place of diphenyl ether, dioctyl ether can be used. When a direct substitution is
made and all other parameters are left the same, the DOE preparation yields PbSe NCs
that are slightly larger with a poorer size distribution (PbSe NC size distribution can be
assessed from the absorption spectrum by looking at how defined the second absorption

feature is as well as looking at the FWHM of the first absorption feature). This
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comparison is shown in Figure 2.6 for the following synthesis: A solution of 1mmol of
lead acetate trihydrate (Aldrich, 99.99 %) and 2mmol of oleic acid (TCI America, 99 %)
in 20 mL of diphenyl ether (99 % Alfa Aesar) versus 20 mL of dioctyl ether (TCI) was
degassed for 2 hours at 85°C. SmL of 1M TOPSe (TOP used to make the TOPSe was
from TCI America and was run once through a column of basic activated aluminum
oxide before being used to make the TOPSe) was injected at 140°C and grown for 5
minutes while the temperature was ramping back up to ~140°C. After the growth time,
the heating mantle was removed, allowing the solution to cool to room temperature.
2.2.3 Squalene and Octadecene Based Syntheses

Squalene and octadecene are high-boiling organic solvents that are considered to
be non-coordinating solvents in NC preparation compared to species like TOP. One
would therefore presume that larger PbSe NCs would result when using these non-
coordinating solvents due to much less chemical interaction (and therefore less inhibition
of NC growth) between the solvent, and the molecular precursors and growing NC
surface. This is indeed the case as is shown below. Diphenyl ether is a smelly and high-
melting point solvent (~26.8°C), and as a result is not pleasant to work with (It is often a
solid at lab temperature and needs to be heated up to use as a liquid). As a result other
solvents were explored and two that gave good results were squalene and octadecene.

When a direct substitution of squalene is made for diphenyl ether and all other
parameters are left the same, the squalene preparation yields PbSe NCs that are
significantly larger with very good size distributions. This comparison is shown in
Figure 2.7 for the following synthesis: A solution of lmmol of lead acetate trihydrate

(Aldrich, 99.99 %) and 2mmol of oleic acid (TCI America, 99 %) in 22.5 mL of diphenyl
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Figure 2.8 Absorption spectra of two octadecene (ODE) based PbSe NC
preparations. The synthesis was cxactly the same for each, apart from the volume
of ODE used, which is indicated for each. 20 mL ODE has a peak absorption at
A =1536 nm and a FWHM = 106 nm / 56 meV and the 27 mL ODE preparation
has an absorption peak at A = 1704 nm and a FWHM = 103 nm / 44 meV.

ether (99 % Alfa Aesar) versus 22.5 mL of squalene (J.T. Baker, 99 %) was degassed for
2 hours at 85°C. SmL of IM TOPSe (TOP used to make the TOPSe was from TCI
America and was run once through a column of basic activated aluminum oxide before
being used to make the TOPSe) was injected at 160°C and grown for 4 minutes while the
temperature was ramping back up to ~160°C. After the growth time, the heating mantle
was removed, allowing the solution to cool to room temperature. The NCs were
precipitated out of squalene using a four fold (by volume relative to the growth solution
volume) excess of butanol and after centrifugation were redispersed in 1,1,2-

trichlorotrifluoroethane.
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Octadecene (ODE) when used as the solvent, like squalene, gives very good size
distributions. Squalene and ODE are very similar to one another in terms of how they
behave in this PbSe NC synthesis however, squalene under the same conditions tends to
give larger sizes than ODE (this implies that squalene interacts less with the molecular
precursors and growing NC surface than ODE, in very simple terms). Figure 2.8 shows
two absorption spectra of two different ODE based PbSe NC preparations, which were
made under the same conditions except for the volume of ODE used. One can see that
the trend described earlier for the diphenyl ether preparation holds here as well. An
increase in the concentration of selenium and lead (smaller solvent volume), while
keeping their relative concentrations the same, yields smaller NCs and vice versa. The
details of the two ODE based PbSe NC preparations go as follows: A solution of lmmol
of lead acetate trihydrate (Aldrich, 99.99 %) and 2mmol of oleic acid (TCI America, 99
%) in 20 mL of octadecene (97 % Fluka) versus 27 mL of octadecene was degassed for
2.5 hours at 100°C. 5mL of 1M TOPSe (TOP used to make the TOPSe was 97 % Strem)
was injected at 180°C and grown for 6 minutes while the temperature was ramping back
up to ~180°C. After the growth time, the heating mantle was removed, allowing the
solution to cool to room temperature. The NCs were precipitated out of ODE using a
four fold (by volume relative to the growth solution volume) excess of butanol and after
centrifugation were redispersed in 1,1,2-trichlorotrifluoroethane.

2.2.4 TOP Based Synthesis and *'P NMR Analysis of TOP

Tri-n-octylphosphine (TOP) is considered to be a coordinating solvent in NC

synthesis, due to the phosphorous being able to donate its lone electron pair to species

such as the Pb oleate complex and the Se and Pb atoms on the surface of the growing
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NCs. TOP is unfortunately hard to purify and as a result the most pure TOP available for
purchase to date is 97 % from Strem Chemicals. Several years ago only 90 % TOP was
available for purchase and many NC syntheses were developed based on this purity®!.
When using 90 % TOP it was clearly seen that the final size and size distribution of the
NCs was affected dramatically upon going from one manufacturer to another and even
from one lot number to another from the same manufacturer. This same dependency on
the purity of TOP was seen even for the 97 % Strem, going from one lot number to
another. There has been much speculation over the years as to what the impurities are
that modify so extensively the final NC size and size distributions. The current thought
in the community is that species such as phosphonic (-PO(OH).) and phosphinic (-
PO(OH)) acids act as growth inhibitors by binding strongly to the molecular
precursors' ) as well as to the growing NC surface. Dialkyl phosphines could also be
present, which act as good reducing agents, causing accelerated nucleation in the early
stages of the reaction.

Many attempts to purify TOP have been made here in our lab. Several years ago
we started running the TOP through a column of basic activated aluminum oxide, which
supposedly served to neutralize the phosphonic and phosphinic acids. Significant
differences in NC size and size distribution were in fact seen when the filtered TOP was
used relative to the original TOP. Attempts at distilling the 97 % Strem have modified
the mixture based on *'P NMR spectra, but have not diminished the total concentration of
impurities seen compared to the original TOP. This would suggest that many of these
mmpurities have very similar boiling points to that of TOP and as a result can not be

removed via this route and when exposed to high temperatures are chemically modified.
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Many organic syntheses, most likely including that of TOP, are carried out using metal
based catalysts. These metal based catalysts could very well still be present in the TOP
and could not only play a role in the NC syntheses, but also account for the fact that when
TOP is heated to high temperatures new peaks appear and others go away or diminish in
intensity in the *'P NMR spectra. The thought being that the metal catalysts would be
responsible for the chemical transformation of some impurities into others.

When PbSe NCs first started being synthesized using TOP as the solvent, it was
naively believed that the synthesis was not sensitive to the manufacturer and lot number
of TOP used, and as a result, a batch of 90 % TCI was mixed with a batch of 90 % Alfa
Aesar and passed through a column of basic activated aluminum oxide. This TOP
mixture was used in many of the early PbSe syntheses to make the TOPSe. When this
batch was almost finished, this TOP mixture was used as the solvent instead of diphenyl
ether and it made some of the tightest size distributions of PbSe NCs than ever before or
after. Figure 2.9 shows the absorption and emission spectra of one of these TOP based
PbSe NCs preparations, which was made in the following manor: A solution of 1mmol
of lead acetate trihydrate (Aldrich, 99.99 %) and 2mmol of oleic acid (TCI America, 99
%) in 12 mL of tri-n-octylphospine (TCI America/Alfa Aesar, run once through a column
of basic activated aluminum oxide) was degassed for 2 hours at 100°C. SmL of IM
TOPSe (the TOP used to make the TOPSe was the same as above) was injected at 130°C
and grown for 3.5 min while the temperature was ramping back up to ~130°C. After the
growth time, the heating mantle was removed, allowing the solution to cool to room
temperature. The NCs were precipitated out of TOP using butanol and excess methanol

and after centrifugation were redispersed in 1,1,2-trichlorotrifluoroethane.

82



-
o
]

i PL
Absorptlon\A —

Counts [arbitrary units]
o
(&)}

T T ' | ' ey
1000 1200 1400 1600
Wavelength [nm]

Figure 2.9 TOP based PbSe NC absorption (peak at A
= 1452 nm) (FWHM = 90 nm / 53 meV) and

photoluminescence (PL) (peak at A = 1470 nm)
(FWHM = 105 nm / 60 meV) spectra.

There are very few reports in the literature on the analysis of TOP and its
impurities. One report found, uses reversed-phase high performance liquid
chromatography to investigate the impurities in tri-n-octylphosphine oxide (TOPO),
which is very similar to TOP!'®, When this special mixture of TOP that gave very good
size distributions of PbSe NCs (Figure 2.9) was finished, it was necessary to turn to 97 %
Strem and other batches of 90 % TCI and Alfa Aesar. Never again were PbSe NCs with
the same extremely narrow size distributions made. Investigations began using *'P NMR

to help elucidate what species were present in the TCI/Alfa Aesar TOP that were not
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present in the new batches. 3P NMR spectra of the old TOP batches and new ones were
acquired and compared. There were differences, but the identity of each peak was

unknown. The *'P NMR spectra for many different phosphorous compounds were either

acquired or looked up in the hope of beginning to assign chemical species to peaks.

Chemical Name Chemical Chemical
Formula Shift
in CHCI,
(ppm)
Diphenylphosphine P(phenyl),H -39 to -40
Tri-n-butyl/tri-n-octyl phosphine PR, -30 to -31
Triphenylphosphine P(phenyl), -4to0-5
Phosphoric acid P(OH),0 0
Phosphoric acid-Tris(2-ethlhexyl) Ester P(OR),0 Otol
Mono-n-dodecyl phosphate P(OR)(OH),0 0to2
Bis(2-ethylhexyl) phosphate P(OR),(OH)O 1to?2
Di-n-butyl phosphite P(OR)2HO 8t09
Triphenylphosphine oxide P(phenyl),0 29 to 30
3-Diethylphosphono propionic acid PR(OR),0 30 to 31
Tri-n-alkylphosphine selenide PR,Se 35t0 36
Dioctylphosphine oxide PR,HO 35to0 36
n-Tetradecyl/n-decyl/n-hexyl/ phosphonic acid PR(OH),0 37to 39
Tri-n-alkylphosphine oxide PR,O 49 to 50
Dimethylphosphinic acid PR,(OH)O 53to 54
Bis(2,4,4-trimethylpentyl) phosphinic acid PR,(OH)O 59
Dioctylphosphinic acid PR,(OH)O 61
Phosphorous acid-Tris(2-ethylhexyl)Ester P(OR), 140

Table 2.1 List of many relevant phosphorous based molecules and their ’'P NMR
chemical shifts acquired in CHCl; and ordered by increasing chemical shift.
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Figure 2.10 *'P NMR spectrum of 90% TCI/Alfa Aesar TOP mixture, run once through a
column of basic activated aluminum oxide, taken in CDCl;. This TOP mixture was used to
make the PbSe NC sample shown in Figure 9. The chemical shift in ppm is shown above each
peak, the integration of each peak relative to one another is shown below each peak, and the
hand drawn molecules are the assignments.

Left to right: Peak at 107.630 ppm was assigned to a phosphorous acid-tris ester or a
phosphorous acid-bis ester with an alkyl group; 57.895 ppm: phosphinic acid; 48.871 ppm: tri-
n-octylphosphine oxide (TOPO); 38.290-38.159 ppm: phosphonic acid; 33.361 ppm:
dialkylphosphine oxide; 25.679 ppm: phosphorous acid-tris ester oxide; -16.198 ppm:
trialkylphosphine (not octyl); -30.106 ppm: tri-n-octylphosphine (TOP); -35.245 ppm:
dialkylphosphine or trialkylphosphine (not octyl, possibly propyl).

Table 2.1 lists the chemical name, chemical formula, and shift in ppm seen in the
*'P NMR spectrum for the relevant compounds analyzed. With this information in hand
and with the help of published tables of phosphorous chemical shift data, it was possible
to identify with confidence the majority of the phosphorous compounds that we consider
to be impurities in our TOP. Figure 2.10 shows the *'P NMR spectrum of the original

TCI/Alfa Aesar mixture of TOP used to make the PbSe NCs shown in Figure 2.9, along
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with the phosphorous species corresponding to each peak. Some of these assignments
could be mistaken and could be phosphorous species bound to a metal center (residual
metal catalyst left in solution from the making of the TOP), but most should be correct.
This is not to say either that all of the impurities in TOP are identified here. There could
be other impurities in the TOP that affect NC growth, which do not contain phosphorous
and as a result are not seen using 3P NMR. 'H and C NMR were used as well to look
at these different TOPs, but due to the long alkyl groups these spectra are very complex
and as a result make it hard to distinguish one species from another.

The TOP shown in Figure 2.10 is not very pure. The integration shows that there
is only 74 % TOP and 7 % TOPO relative to all of the other species present (19 %
impurities). This is dramatically different compared to the 97 % Strem TOP shown in
Figure 2.11. Based on the relative integrations shown in the 3'P NMR spectrum of the 97
% Strem TOP we see that there is 96.4 % TOP and 2.3 % TOPO versus 1.3 % impurities.
This difference in TOP purity that we see using °'P NMR is also seen very clearly in a
NC synthesis when 90 % versus 97 % TOP is used. In the PbSe NC synthesis when TOP
is used as the solvent, 97 % TOP yields much larger NCs compared to the 90 % (actually
~70-80 %) TOP due to the significant difference in concentration of species that inhibit
NC growth. These species are the phosphonic and phosphinic acids (5.2 % in the
TCI/Alfa Aesar mixture versus ~0.2 % in the 97 % TOP).

2.2.5 Reaction Yield

The reaction yield of PbSe NCs, using the general reaction scheme shown in

Reaction Scheme 2.1, is significantly lower than that typically seen for CdSe. Most CdSe

19,20]

NC syntheses give reaction yields of 60 % to almost 100 %! Determining NC
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Figure 2.11 *'P NMR spectrum of 97 % Strem TOP, taken in CHCl;. The chemical shift in
ppm is shown above each peak, the integration of each peak relative to one another is shown
below cach peak, and the hand drawn molecules are the assignments.

Left to right: Peak at 132.872 ppm was assigned to a phosphorous acid-tris ester; 57.992
ppm: phosphinic acid or tritertbutylphosphine; 48.942 ppm: tri-n-octylphosphinc oxide
(TOPO); 38.555 ppm: phosphonic acid; 35.163 ppm: dialkylphosphine oxide; -23.074 ppm:
trialkylphosphine (not octyl, possibly ethyl); -30.353 ppm: tri-n-octylphosphine (TOP); -
68.56 ppm: dialkylphosphine.

reaction yields by simply weighing the purified, dry, NC powder introduces significant
error into the final number. The error arises from material loss during purification and
most significantly from the fact that each NC contains a monolayer or more of organic
molecules on the surface. When the weighing method is used to determine the PbSe NC
reaction yield, numbers from 30-50 % are measured. Major differences in reaction yield

were not observed when comparing different solvent based PbSe NC syntheses (TOP vs.

squalene vs. diphenyl ether vs. octadecene).
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Another, much more accurate way of measuring the reaction yield for this system
is to use flame atomic absorption spectrometry. This technique was used to look at the
reaction yield of the TOP and octadecene based PbSe NC syntheses. In the first case
(TOP based synthesis), the entire growth solution was centrifuged after having added
butanol and methanol, resulting in complete separation of PbSe NCs from solution. An
aliquot of the supernatant was digested in nitric acid, which forms lead nitrate very
rapidly (Note: It was important to have a high enough concentration of water in the
solution in order to solubilize completely the lead nitrate that formed). This aqueous
solution of lead nitrate was then analyzed for the concentration of lead using NIOSH
method 7082, flame atomic absorption spectrometry (FAA), at MIT’s environmental
health and safety office. This method of analysis gave a reaction yield of 12 %. The
second measurement, taken on the octadecene based PbSe NC synthesis, consisted of
isolating an aliquot of the growth solution via centrifugation and then dissolving the
actual PbSe NCs in nitric acid and measuring the concentration of lead in the aqueous
solution using FAA. This analysis gave a reaction yield of 15 %, which compares nicely
to the reaction yield measured by looking at the concentration of lead left in solution after
the reaction (description above). As expected, we see that the reaction yields measured
by FAA gave much lower numbers compared to those found when weighing the dry NCs.
All of the following reaction yields reported were determined by FAA.

As mentioned in section 2.2.4, reducing agents can cause accelerated nucleation
and provide a larger number of nuclei to form in the beginning of the reaction. And when
added to the reaction during the growth stage one would expect to see an increase in

growth depending on the conditions of the reaction. Dialkylphosphines are known to be
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good reducing agents and as we saw in section 2.2.4, they are also present to some extent
in the TOP we use. When we use a controlled amount of a dialkylphosphine in the PbSe
NC reaction, a significant increase in reaction yield is observed. It was observed that
when a small amount (~1 % relative to the volume of TOP used) of diphenylphosphine
(DPP) is used in the PbSe NC synthesis, the reaction yield can be made to increase by as
much as 8 fold (see section 2.3.2). When larger amounts of the DPP was used the size
distribution suffered. Weaker reducing agents such as TOP can have a significant effect
on the reaction yield as well. A 2.24M TOPSe solution (all TOP molecules have been
made into TOPSe) was made and used to study the PbSe NC reaction, which is discussed
in detail in section 2.3.2. This solution was compared to the normal 1M TOPSe solution
in a PbSe NC synthesis (octadecene based preparation), while maintaining all other
parameters the same, and only a small decrease (from 2.8 % to 2.5 %) (reactions were
scaled down by a factor of four and a ratio of 1:1 Pb:Se was used instead of the normal
1:5 ratio, which accounts for the 2.8 % reaction yield compared to the normal 10-15 %
yields) in the reaction yield was observed for the 2.24M TOPSe synthesis. TOP (Immol
of TOP was added and 0.25 mmol of Pb and Se were present) was then added half way
through the reaction of the 2.24M based synthesis and a 2.5 fold increase in reaction yield
was measured (2.5 % to 6.2 %). When TOP was added to a normal (1:5, Pb:Se ratio)
octadecene based PbSe NC preparation large red shifts in absorption were observed as
well (~300 nm). The effect that TOP has on the reaction yield could be based on one or
both of two possibilities. First, the TOP could be acting as a mild reducing agent and
pushing the PbSe nucleation and/or growth (Reaction Scheme 2.1) forward, and two

could be simply stabilizing the Pb oleate complex as well as the PbSe clusters in solution,
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thereby allowing the reaction to proceed in the forward direction by lowing the activation
energy barrier as well as the final energy of the product.
2.2.6 Stability and Quantum Yield

The measured absolute photoluminescence (PL) efficiency (Quantum Yield (QY))
of our PbSe NC solutions ranges from 6 to 20 % and is reduced to 0.5 to 1.5 % when the
NCs are in a thin film, in contrast to relative QYs of 10 to 80 % for PbSe NCs in solution

(21221 The lack of convenient luminescent standards in the NIR

reported by others.
spectral range could be responsible for the differences in quantum yield measurements
reported in the literature. The Absolute PL quantum efficiency in both the solution and
solid state was measured using a A = 405 nm laser as the excitation source. The absorbed
power was quantified using a Newport 818-UV-C/M Silicon detector. The NIR signal
was detected 15° off of the front face normal, 10 cm distant from the sample, with a
Silicon filter in place to block all reflected visible emission. The solid angle bisected by
the 3 mm diameter Germanium detector was taken into account when calculating the total
NIR emission. The solution samples were measured in a 2 mm path length quartz
cuvette, and the solid state samples were measured from drop-cast films that were
isolated from oxygen to prevent photo-oxidation during the measurement. Relative PL

QY experiments reveal no dependence on excitation wavelength throughout the analyzed

range of A = 400 to 900 nm.

90



Exposed to O, Exposed to Air Air Free

a — iy b — ikl C — ity
—OeViskLater ——Cre Wbk Later —CreWeskLater
—TwoVdle Later —TwoWeshs Later 104 —TwoWsslag
104 10
08 s 08+
g £ g
é 06 é (3 % 06+
§ 04 § a4 g 044
o «
5 § §
02 Z 24 Z o2
Q04 Q04 004
W @ W e w W w W M o m m w w w W
Wadagh(m Wasdergh () Wasdergh(m)
7 days) 90 nm shift 7 days) 45 nm shift 7 days) NO shift
14 days) 40 nm shift 14 days) 25 nm shift 14 days) 10 nm shift

Exp. 1) QY decr. of 51% after 7 Exp. 1) QY decr. of 22% after 7 Exp. 1) QY decr. of 15% after
days. days. 7 days.

Exp. 2) QY decr. of 50% after 7 Exp. 2) QY incr. of 13% after 7 Exp. 2) QY decr. of 29% after
days, of 50% after 14 days. days, incr. of 13% after 14 days. 7 days, of 36% after 14 days.

Figure 2.12 Outline of a stability study done on PbSe NCs, where solutions of NCs were
exposed to oxygen (a), regular air (b), and only nitrogen (c). The spectra shown are emission
spectra corresponding to experiment two. Below each spectrum is a brief description of the
shifts to longer wavelengths observed as well as an outline of the changes in quantum yields

(QY) seen.

The results of a detailed study on the stability of the PbSe NCs are summarized in
Figure 2.12. Studying and understanding the stability of the PbSe NCs showed that the
oxidation of the PbSe surface has a profound effect that can shift the emission maximum
to higher energies by as much as 90 nm over a period of a week. Interestingly no
emission peak shift was found for PbSe NCs exposed to air in the solid state over two
days. The accepted explanation for these shifts in emission is that as the PbSe surface
oxidizes to form lead oxide and selenium oxide, the particles decrease in size and as a
result the emission shifts to longer wavelengths. It appears that this process of oxidation

occurs much more readily in solution than in solid thin film form. If the oxide layer on
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the surface of the particles forms at a slow enough rate, it is possible to observe an
increase in the QY due to the oxide layer passivating the core PbSe NCs (Figure 2.12b).
This is naturally accompanied by a decrease in the core diameter of the particle because
the lead and selenium atoms on the surface are now associated with oxygen and are no
longer part of the core PbSe NC. The oxide will keep forming and eventually break due
to lattice strain and leave the surface, thereby causing the particle size to decrease as well
as leave an unpassivated surface behind leading to a decrease in QY. The QY, over a
period of seven days, decreased by 15-29 % (accompanied by no shift in emission peak
maximum) of its initial value for a dilute sample of PbSe NCs in degassed hexane stored
under a positive pressure of inert gas (Figure 2.12¢). When stored in hexane under air
after bubbling oxygen through the solution for 1 minute, the quantum yield decreased by
50 % (accompanied by a 90 nm shift to longer wavelengths in emission peak maximum)
(Figure 2.12a) and those exposed to air for a week only decreased by 22 % and in some
cases increased in QY by 13 %. After the same samples sat for 14 days, the air-free
sample showed a 36 % decrease in QY with an emission peak maximum shift to shorter
wavelengths of only 10 nm, while the sample exposed to oxygen showed the same 50 %
decrease in QY but with a shift in the emission peak maximum to shorter wavelengths of
130 nm. The sample exposed to air again showed an increase of 13 % after the second
week.

As demonstrated in Figure 2.12, there was and still is a strong need to overcoat
(grow a shell of inorganic semiconductor onto) PbSe with a large band gap inorganic
semiconductor to passivate it and make it more efficient and stable. Several attempts

were made using CdSe, ZnSe, ZnS, and MgSe, but with no success. There was, however,
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a difference seen in PbSe NC stability when CdSe was attempted. In this case, the PbSe
NCs were synthesized in octadecene and after 5 minutes of growth, dimethylcadmium in
TOP was dripped directly into the PbSe NC growth solution at 130°C. The cleaned up
particles showed no decrease in QY or shift in emission after sitting in hexane in air for a
day. After the introduction of the cadmium the growth solution with the PbSe present
was stable to mild heating (60-70°C) overnight. Usually a shift in absorption and
emission was seen as well as a broadening of the size distribution when the particles were
left in growth solution for too long. XRD showed no significant difference from the
usual PbSe powder pattern except for the peak at ~40 degrees (220 plane) was higher in
intensity than would be seen in normal PbSe NCs and as would be seen in bulk PbSe (See
Figure 2.5, which is the spectrum of the PbSe NCs that were exposed to Cd (Notice the
line heights for the bulk PbSe peaks shown below the spectrum)). Four out of five
samples showed a very small amount of Cd present relative to Pb and Se when
characterized with WDS. Cadmium percentages ranging from ~ 0.25 to ~ 0.28 were seen
from the WDS experiments and it was concluded that percentages so low would
correspond to a fraction of a monolayer of CdSe and that indeed the PbSe NCs were not
overcoated with CdSe. One possibility, however, is that many of the Se atoms on the
surface of the PbSe NCs are associated with a Cd oleate molecule, forming a cadmium
oleate protective layer around each PbSe NC. This could account for the increase in
stability that was observed.
2.2.7 Absorption Cross Section

The absorption cross section Caps (in cm®) for PbSe NCs was calculated using

equation 2.1. Equation 2.1 is a rearrangement of equations taken from the work by
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91 Cs is proportional to the product of the bulk

Leatherdale and co-workers
semiconductor absorption coefficient (2n;k;) and a local field factor that is equal to the
ratio of the applied electric field to the electric field inside the NC. The n and k values
for bulk PbSe were found in the Handbook of Optical Constants of Solids, Academic
Press, Inc., 1985, pg. 520. Calculations were performed for two different wavelengths,
400 nm and 620 nm. These wavelengths chosen were dictated by the wavelengths that
corresponded to the n and k values reported. The calculated per particle absorption cross
section (in cm?) for PbSe at 400 nm was found to be Cys = (6.552 x 10)a’ cm™ and that
at 620 nm was Cyps = (3.755 x 10°)a’ cm’.

c. _ 2 Om.4 2n,k, 4

Y 3 2.k 2 2)2 2 ma’
m, (n.%-k2+2m?)?+4(nk,)? 3

Equation 2.1 Equation used to calculate the absorption cross section Cys of
PbSe NCs, where m; = refractive index of the solvent (assume no absorption
of excitation photons by solvent (hexane at A = 400 and 620 nm)), A =
wavelength of excitation (400 and 620 nm), n and k = refractive index values
for bulk PbSe at A = 400 and 620 nm, a = average NC radius.

The absorption cross section (at 400 nm) of 4.5 nm diameter PbSe NCs was
determined experimentally by Jean-Michel Caruge, by fitting the saturation curve of the
photoluminescence and from that fit backing out the absorption cross section (Figure
2.13). The experimental value obtained from the fit is Cuy or o = 1.05 x 10" cm?’.
When the radius of 2.25 x 10”7 cm (4.5 nm diameter), the size of PbSe NCs used in the
experiment shown in Figure 2.13, is plugged into Cas = (6.552 x 10%)a’ cm™, we get a
calculated absorption cross section at 400 nm of Cys = 7.46 X 10"° cm?, which is very

close to the experimental value of Cy,s = 1.05 x 10" cm?.
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Figure 2.13 Plot of the saturation of the photoluminescence of 4.5 nm diameter PbSe NCs
that has been fitted, red line, in order to extract out the absorption cross section of the
PbSe NCs. The excitation wavelength was 400 nm. The inset shows three emission
curves of the PbSe NCs in hexane at pump powers of 1, 0.6, and 0.4 mW, whose emission
was centered at 1436 nm.

2.3 On the Chemical Mechanism of Precursor Reduction during PbSe
Nanocrystal Formation

2.3.1 Characterization of the Lead Precursor

Whén the lead acetate tri-hydrate is degassed in the presence of oleic acid, acetic
acid is pulled off. This has been confirmed by smelling the acetic acid left in the trap as
well as by analysis of this solution left in the trap by 'H NMR. In all solvents
(diphenylether (DPE), octadecene (ODE), dioctylether (DOE), and squalene) except tri-n-

octylphosphine (TOP), a white waxy precipitate forms overtime as the degassed solution
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is left to sit at room temperature. This white waxy precipitate can then be isolated from
the solvent and rinsed in hexane to remove excess solvent. When the precipitate is
cooled down to room temperature after being placed in an oven (~120°C), it forms a
white waxy film which can be solvated in non-polar solvents, for example TOP,
chloroform, dichloromethane, and toluene. When as much of this white solid was
collected after rinsing and separating from the solvent and weighed, 630 mg was found
corresponding to (0.82 mmol of Pb, assuming this solid is Pb oleate). If all of the lead
acetate were converted over to lead oleate, we would expect 770 mg (1 mmol of Pb).
When the supernatant (solvent left behind after the lead oleate was centrifuged to remove
it from solution) was analyzed for its lead content using flame atomic absorption
spectrometry, only 2.2 pmols were detected. This indicates that there is almost complete
conversion of the lead acetate into lead oleate within error.

Mass spectrometry, elemental analysis, as well as fourier transform infrared
spectroscopy (FT-IR) were done to confirm the identity of the white waxy solid as being
lead oleate. The mass spectrum of the white solid showed the appropriate peak at 771
([M+H]") corresponding to lead oleate as well as many peaks corresponding to species
with less mass assigned as fragments. Several peaks corresponding to species with more
mass than lead oleate were seen as well, some of which were assigned to oxidized species
of lead oleate based on their regular incremental increase in mass by roughly 16.
Elemental anyalysis gave very similar percentages as to those calculated for lead oleate
(C36He6O4Pb, FW. 770.13 g/mol). The calculated percentages for carbon, proton, and
lead were 56.2, 8.6, and 26.9 respectively, while the measured percentages were 55.1,

8.7, and 24.2 respectively.

96



L] l L) ' W l v I L
===eses Oleic Acid (OA)
0 -
Lead Oleate
OA: 1413CH, umbrella m
-20 4
»"“'"“"l
... \
: T BYY
4 I I * %
-40 < EH I id
- | oac-Hswen 3] F 2i) i
S~ in C=C-H N ]
3006 38 B *
60 e OC')-'A: 934f
= - . e -H out-of-
é:yngetnﬁ Symmetric i plane
) , Stretc . +~ CH, Stretch i beading 723.CH2
2052 S .135 rocking
o OA: C-O Stretch
-80 - “ - . ; retc
OA: O-H Stretch H
4 1710 o Symmetric
OA: C=0 Streg;l 5131407 y(COO") stretch
Asymmetric v,,(COO") stretch 1467
-1 00 L L) T L r 4"’ ﬁ L ‘r LI "’ L

T T
4000 3500 3000 2500 2000 1500 1000 500

Wavenumbers [cm™]

Figure 2.14 FT-IR spectra of oleic acid and lead oleate with the relevant assigned IR
bands for each!™?. Both oleic acid and the lead oleate were placed onto disposable
PTFE FT-IR cards to acquire the spectra.

Figure 2.14 shows the FT-IR spectrum of oleic acid in comparison to the white
waxy solid taken by smearing the waxy solid onto a PTFE disposable FT-IR card. The
broad O-H stretch (~3000 cm™) and the O-H out-of-plane bending (934 cm™) seen in the
oleic acid sf)ectrum are not present in that of the white solid. The oleic acid C=0O stretch
disappears and we see instead two new stretches at 1513 and 1407 cm”. When the head
of a carboxylic acid is associated with a metal atom, the interaction is categorized as four
types: monodentate, bridging bidentate, chelating bidentate, and ionic; and the

wavenumber separation (A) between the symmetric vs(COO-) stretch and the asymmetric
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U,5(COO-) stretch IR bands can be used to diagnose the type of interaction. Large A
(200-300 cm™) correspond to a monodentate interaction, medium A (140-190 cm™)
correspond to a bridging bidentate interaction, and small A (< 110 cm™) correspond to a

chelating bidentate interaction!.

When this analysis is performed here we see a
difference of 106 cm™ (A = 1513-1407 = 106 cm'') corresponding to a chelating bidentate
species as we would expect in lead oleate.
2.3.2 Proposed Mechanism and Supporting Data

Once the species that is reacting with the tri-n-octylphosphine selenide (TOPSe)
was confirmed to be lead oleate, we could begin to study the chemistry in more detail.
The PbSe system used in these studies was very simple. The non-coordinating solvent
octadecene (ODE) was used and the initial system consisted of lead oleate, TOPSe, and
ODE. In a normal batch preparation of PbSe NCs, as discussed in section 2.2, 1| M
TOPSe is used and is made by mixing selenium shot (elemental selenium) and tri-n-
octylphosphine (TOP) and stiring overnight. The selenium dissolves into the TOP to
form TOPSe (Se=P(R);, where R = octyl), where the selenium is formally considered to
be selenium zero (Se). 5 mL of 1 M TOPSe contains roughly 6 mmols of TOP that is
not associated with Se and the *'P NMR spectrum shows a peak for TOP at around -30
ppm and a triplet for TOPSe at around +35 ppm (the triplet is due to the 7.63 % spin /2
’Se splitting the 100 % 3p spin 1/2 phosphorous signal). To remove the role of the TOP
from the chemistry and to simplify the system under study even more, a solution of
TOPSe was made where every TOP is bound to a Se. This solution is a 2.24 M TOPSe
solution and it shows only the triplet at +35 ppm in the 'P NMR  spectrum,

corresponding to the TOPSe. A similar solution can be made using tri-n-butylphosphine
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(TBP), where all TBP molecules have a Se bound to them corresponding to a 4.04 M
TBPSe solution showing the same triplet in the *'P NMR spectrum at around +35 ppm.
This simplified system, consisting of ODE as the solvent, 2.24M TOPSe, and
Pb(oleate),, shows the production of tri-n-octylphosphine oxide (TOPO) overtime and
solid PbSe N(s. Figure 2.15 shows the *'P NMR spectra acquired on the neat growth
solution at intervals of 10 minutes up to 40 minutes. It is seen that the intensity of the
TOPO signal increases overtime (10-40 minutes). Because the TOPSe signal is so much
larger in intensity and the change in concentration (reaction yield is small) is small, very
little change in peak height is seen. Both the TOPSe and TOPO signal shift slightly
overtime to smaller ppm due to the magnetic susceptibility changing overtime as the
concentration of PbSe NCs in solution increases (PbSe NCs were left in solution during
measurement so as not to remove TOPO in equilibrium with the PbSe NC surfaces).
Under these conditions, small reaction volumes (0.8 mL), high Pb and Se concentrations
(0.089 mmols each), and long reaction times (10-40 minutes) compared to the normal
batch preparation (section 2.2), the quality of the resulting PbSe NCs is very poor (very
broad size distributions, poor passivation in solution). These conditions however, are
necessary in order to detect the presence of TOPO with good signal to noise in the *>'P
NMR spectra under reasonable data acquisition times. The table inset in Figure 2.15
shows the reaction yields corresponding to each *'P NMR spectrum over the 40 minute
reaction time. These percentages were determined based on the digestion of the PbSe
NCs, produced at each time interval, in nitric acid to form lead nitrate, whose
concentration is then measured using flame atomic absorption spectrometry. The

reaction yield, and hence the mmols of Pb and Se being consumed in the reaction, is seen
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Figure 2.15 *'P NMR spectra of 4 neat growth solutions of PbSe NCs taken at 10, 20, 30,
and 40 minutes of growth. All solutions were run in NMR tubes placed in an oil bath at
170°C and left to react for their respective times. Each tube contained 0.089 mmols of Pb and
0.082 mmol of Se in a total volume of 0.5 mL of ODE. At the end of the reaction 0.3 mL of
anhydrous CHCl; was added to each tube to solvate the TOPO (TOPO is not soluble in ODE)
before the NMR spectra were taken. 256 transients were acquired for each spectrum. No
other peaks were seen except those shown, in the region of acquisition (+200 to -200 ppm).
The peak at ~56 ppm was confirmed to be TOPO by the addition of 99% TOPO to one of the
solutions and seeing the intensity increase. The detail view of the four TOPO peaks shows
the ppm shift as well as the percentage of peak area relative to the TOPSe peak area
determined from integration. The inset on the right is a table of the corresponding reaction
yields determined by flame atomic absorption spectrometry.

to increase regularly overtime as that of the TOPO concentration (shown in the *'P NMR

spectra detail view in the left hand inset in Figure 2.15).

Pb(oleate), + (octyl)s;PSe =» PbSe + (octyl);PO (1)
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Figure 2.16 Proposed mechanism of how TOPSe reacts with Pb(oleate), to form PbSe NCs
and TOPO. The Pb remains as Pb™ throughout the reaction, while the Se is reduced from
Se'® in TOPSc to Se™ in PbSc and the phosphorous is oxidized from P in TOPSc to P™ in
TOPO. The other product of the reaction is the oleate anhydride, which despite attempts was
never seen using FT-IR due to the large overlap of the alkyl chain IR bands of the solvent with
those of the anhydride.

Reaction | summarizes the chemistry we believe to be occurring in this simplified
PbSe NCs system, while Figure 2.16 shows in more detail the mechanism we are
proposing. The TOPSe reacts with the Pb center to eventually produce TOPO, an oleate
anhydride, and PbSe. The Pb center remains Pb"", while the phosphorous is oxidized

from P"? ((octyl)sP=Se) to P ((octyl);P=0) and the Se is reduced from Se'”
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((octyl)sP=Se) to Se"™ (PbSe). This reaction was also run in an NMR tube (at 150°C
inside of NMR) while *'P NMR spectra were acquired during the reaction every two
minutes over 120 minutes (total of 60 spectra were acquired). The Se source in this case
was 4.04M TBPSe (each TBP is bound to a Se) instead of 2.24M TOPSe due to the
higher reaction yields observed when using TBPSe (larger concentration of TBPO
observed compared to TOPO and therefore more oxide signal). The ratio of Pb to Se was
varied from 0.5, 1, 2, to 1. Figure 2.17(a) shows the 60 spectra for the 2:1 Pb:Se reaction
plotted side by side. The middle sized peak is a standard (phosphoric acid in a
microcapillary tube inside of the NMR tube) and is seen to not be changing in intensity
overtime. The largest peak is TOPSe and is clearly seen to be slowly decreasing, while
the smallest peak is TOPO and is seen to be increasing regularly over the course of the
reaction. Figure 2.17(b) is a plot of the relative concentrations of the TOPO generated in
the three different experiments varying the ratio of Pb to Se. The raw signal of TOPO for
each spectrum was integrated and compared to a known quantity of TOPO added in at the
end of the experiment to get a relative concentration for each point. Although *'P NMR
is not quantitative in terms of absolute integration, we can get a relative qualitative
comparison, which shows the regular increase overtime of the TOPO concentration in
each case as well as the fact that more TOPO is generated in the 2:1 regime compared to
the 0.5:1 Pb:Se regime. This type of analysis for the TOPSe signal is meaningless
because such small changes in a large concentration are full of fluctuation and error even
though by eye we can see in Figure 2.17(a) that the intensity of the TOPSe signal is

decreasing overtime.
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Figure 2.17 Results of PbSe NC reactions run in the NMR machine at 150°C. (a) 60
spectra side by side, taken one every two minutes as the reaction ran inside the NMR
machine for a total of 120 minutes. The ratio of Pb:Se was 2:1 (0.16 mmol Se) in a
volume of 0.8 mL of ODE. TBPSe was the Se precursor in these experiments (a) and
(b). Middle sized peak is the phosphoric acid standard in sealed a microcapillary tube
inside the NMR tube. The largest sized peak is the TOPSe signal and the smallest
peak is the TOPO signal. (b) The TOPO peaks in each 60 spectra (a) are integrated
relative to the standard and plotted versus time for three different ratios of Pb:Se. The
2:1 data shown in (a) is the same data plotted in (b). The three sets of data were
normalized to one another by adding a known quantity of TOPO to each tube at the
end of the experiment to relate each TOPO peak intensity to the known quantity
added.
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Studies done by Amatore and co-workers™™ found that triphenylphosphine (PPh3)
reduces divalent palladium to zerovalent in the complex Pd(OAc),(PPh;), by an
intramolecular reaction and is oxidized to triphenylphosphine oxide. In their proposed
mechanism the Pd(OAc),(PPh;),, through reductive elimination, produces “Pd®(PPh;)”,
OAc’, and AcO-PPh;' and then the AcO-PPh;' is converted to either AcOH and O=PPh;
in the presence of H,O or to Ac,O (acetic anhydride) and O=PPh; in the presence of
AcO’". When we tried to reduce Pb(oleate), with excess TOP, TBP, and PPhs, in solution,
no Pb solid was seen until temperatures of 250-320°C were reached, which are far above
standard PbSe NC reaction temperatures (150-170°C). The stronger reducing agent,
diphenylphosphine (DPP), however did reduce Pb(oleate), to solid Pb metal at around
180°C. The *'P NMR spectrum of the final solution showed DPP and diphenylphosphine
oxide (DPPO).

Based on the mechanism described above, we would expect that TOPSe reacting
with a zerovalent Pb center would produce PbSe and TOP. In fact, when DPP is added to
the same reaction as that described above for 2.24M TOPSe and Pb(oleate),, we see the
complete oxidation of the DPP to DPPO, a large increase in PbSe NCs reaction yield, and

the production of TOP and a small amount of TOPO as shown in the 3'P NMR spectrum

Pb(oleate), + PHPh, & Pb® + OPHPh, (2)
Pb® + (octyl)sPSe = PbSe + (octyl)sP (3)

in Figure 2.18. The TOP and DPPO peak are very similar in intensity as we would
expect based on reactions 2 and 3. The presence of the TOPO peak indicates that the
mechanism described above and shown in Figure 2.16 is happening to some extent as

well. Figure 2.19 describes reaction 2 and 3 in more detail. The Pb"™ in the form of
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Figure 2.18 *'P NMR spectrum of the growth solution of PbSe NCs that were made using
diphenylphosphine (DPP) doped into the TOPSe solution. A 1:1 Pb:Se ratio was used (0.089
mmol of each) in a volume of 0.5 mL in an NMR tube in an oil bath at 170°C inside the glove
box. 0.027 mmols of DPP (30%) was added to the 2.24M TOPSe solution uscd. The reaction
went for 10 minutes and then 0.3 mL of anhydrous CHCl; was added. TOP usually appears at
-30 ppm, but due to the chemical environment shifted to -20 ppm, which was confirmed by
adding 97% TOP to the reaction afterward to and seeing the TOP peak increase in intensity.

A control experiment (exactly the same except no Pb(oleate), was added) showed DPP and
TOPSe with minute amounts of TOPO and DPPO.

Pb(oleate), is reduced by the diphenylphosphine to give a Pb® species and
diphenylphosphine oxide (Figure 2.18). The Pb'” species reacts with the Se'” in the form
of TOPSe to liberate TOP (Figure 2.18) and form PbSe NCs. The *'P NMR spectrum
shown in Figure 2.18 was the result of doping the TOPSe solution with 30 % DPP (1:1:3

Pb:Se:DPP, 0.089, 0.089: 0.027 mmol) and growing for 10 minutes at 170°C (exactly
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same conditions as that shown in Figure 2.15), which gave roughly a 20 fold increase in

reaction yield (2.8 %, no DPP (table inset in Figure 2.15), to 54 %).
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Figure 2.19 Proposed mechanism of how a reducing agent, in this case diphenylphosphine
(PHR;), reacts with Pb(oleate), to generate a zerovalent Pb species that then reacts with
TOPSe to liberate TOP and form PbSe NCs. The divalent Pb (Pb™ in Pb(oleate)s) is reduced
by the DPP to form zerovalent Pb (Pb'”), diphenylphosphine oxide (R,HP=0 ), and oleate
anhydride. The Pb® species then reacts with Se'” in TOPSe ((R,);P=Se) to form the PbSe
NCs and liberate frec TOP (P(R,)3).

As mentioned in the beginning of this section, all regular batch preparations of Se
based semiconductor NCs use 1 or 1.5 M TOPSe or TBPSe, which consists of a large
amount of free TOP or TBP. Most NC preparations also use excess Se to provide good
size distributions, for example 1:5 Pb:Se in the PbSe batch preparations discussed in
section 2.2 and 1:3 or 1:5 Cd:Se typical of most CdSe NC preparations. In these batch
NC preparations this corresponds to ratios of metal to free TOP of roughly 1:2 to 1:6.

Even though TOP and TBP are weak reducing agents, simply due to their large excess in
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solution, it is likely that these species are reducing the metal precursors to some extent
from divalent to zerovalent as shown in Figure 2.19. We therefore believe that both of
the two proposed mechanisms (Figure 2.16 and 2.19) are happening simultaneously in
batch NC preparations where TOPSe or TBPSe are employed. As discussed in section
2.2.4, TOP is not pure and there can be significant quantities of phosphorous species
(dialkylphosphines) that are good reducing agents, which affect the reaction yield, size
distribution, and average size of all NC preparations. These species influence on the
physical properties of the NCs is due to their affect on the chemistry as we see for
diphenylphosphine (Figure 2.19). Now that we have an understanding of how each
species in the reaction contributes to the chemistry, we can begin to modify the results of
these reactions. Table 2.2 shows the results of three regular batch preparations of PbSe
NCs (similar to those described in section 2.2), where diphenylphosphine was added to
the 5 mL of IM TOPSe before injection into the hot (135°C) Pb(oleate), containing
solution (I mmol Pb, and 20 mL of diphenylether). When no DPP was added a reaction
yield of 2.3 % was obtained. When 0.08 and 0.15 mmol of DPP were added, the reaction
yield increased to 11.6 % and 16.2 % respectively and the size distribution remained
tight. The presence of the DPP gave a 7 fold increase in reaction yield, which is not only
due to the increased rate of growth, seen by the fact that the final particle sizes were
larger, but also to the formation of more nuclei in the beginning of the reaction, seen in
Table 2.2 as an increase in the number of NCs. This makes perfect sense based on the
mechanism proposed in Figure 2.19. The DPP increases the reactivity of the Pb by
reducing it from divalent to zerovalent in the presence of the TOPSe, which results in the

formation of more nuclei during the nucleation event.
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DPP/Pb | Rxn. Yield (%) | #of NCs | 1st Abs. Peak (nm)
0 23 1.81 x 1076 1358
0.08 11.6 3.09 x 1076 1736
0.15 16.2 4.53 x 1016 1716

Table 2.2 Table showing the results of three batch PbSe NC preparations. The three
preparations were done with 1) no diphenylphosphine (DPP) doped into the 5 mL of 1M
TOPSe, 2) 0.08 mmols, and 3) 0.15 mmols of DPP. The corresponding reaction yields,
number of NCs made, and the first absorption peak are shown. All three preparations
were done exactly the same: 1mmol Pb in 20 mL of diphenylether; TOPSe was injected
into the Pb(oleate), solution at 135°C and the particles were grown for 2 minutes after
injection. The reaction yield and number of NCs were calculated from the absorption of a
dilute solution of PbSe NCs, the known NC size from the first absorption peak, and the
absorption cross-section at 400 nm from section 2.2.7.

2.4 Conclusions

PbSe NCs are the material of choice for light emission applications in the | to 3
pum region of the spectrum. Large area emitters in the near infrared have been identified
as technologically useful for chemical spectroscopy and sensing, night vision
applications, and could be incorporated into on-chip optoelectronic integrated circuits.
The colloidal synthesis of semiconductor PbSe NCs was optimized and enhanced to yield
high-quality PbSe NCs with very narrow size distributions in the size regime of 2 to 10
nm (corresponding to emission peaks A = 1.1 um to A > 2.4 um, respectively). The
stability of light emission and quantum efficiency under an inert atmosphere are good,
but the growth of a protective shell (which has proven to be difficult) is needed in order
to use these materials for practical applications in the presence of oxygen and water. The
synthesis was extended to other solvent systems that provided extremely narrow size

distributions as well as a model system on which to study the chemical mechanism of NC
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formation. This simple PbSe synthesis allowed us to study how the molecular precursors
in NC syntheses are reduced to form solid crystalline materials in the presence of
phosphorous containing molecules.  Two mechanisms are proposed to occur
simultaneously in the batch synthesis based on our experimental results, which has led to
the better understanding of this system as well as many others which employ metal salts
and phosphorous containing molecules (which are numerous at this point). One practical
example of this understanding is our ability to increase the reaction yield of the PbSe
synthesis by almost ten fold (while maintaining the size distribution) simply by addition
of a stronger reducing agent (diphenylphosphine), which increases the initial number of

nuclei during the nucleation event.
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Chapter 3

(CdS)ZnS and (CdS)Cd,Zn,_,S core-shell Nanocrystals

3.1 Introduction and Motivation

The ability to synthesize semiconductor nanocrystals (NCs) or quantum dots
(QDs) with narrow size-distributions and high luminescent efficiencies has made these

materials an attractive alternative to organic molecules in applications such as

(2 [3-5]

optoelectronic devices''*! and biological fluorescence labeling As is described in
detail in the introduction and chapter 6 of this thesis, NCs are particularly interesting as
the active materials in large area (sz) hybrid organic/inorganic QD-light emitting
devices (QD-LEDs)“® and have become interesting as a viable alternative flat panel
display technology. At the time, when the work described in this chapter was carried out,
all of the QD-LED demonstrations utilized the well developed (CdSe)ZnS core-shell NC
material system, and while this yielded proof of concept demonstrations of high
performance devices it did not demonstrate the crucial element of an efficient blue
emitter’’’. Blue QD-LEDs had remained elusive due to a lack of blue emitting NC core-
shell material. In order to fill this gap, first the appropriate blue target wavelength for a

blue emitting QD-LED pixel for a display application had to be chosen and then a

suitable semiconductor material to provide the blue emission.
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Figure 3.1 The NTSC and HDTV display standard CIE color coordinates for blue emission
(upper left table) are shown along with the Commission International d’Eclairage (CIE)
Chromaticity Diagram for reference, which has the color regions and wavelengths labeled.
The relative sensitivity of the human eye and the corresponding CIE color coordinates for
several blue wavelengths (bottom left table) are tabulated to show how the human eye’s
sensitivity decreases dramatically when seeing shorter wavelengths versus how the CIE color
coordinates of the longer wavelengths lie inside the coordinates of the display standard
coordinates (NTSC and HDTV). The blue wavelength chosen for QD-LED display
applications (FWHM = 30 nm) is 460-470 nm (CIE coordinates highlighted in red), which
provides color coordinates that lie to the outside of the display standard coordinates (more
color saturated) and at the same time maximized perceived power.

The ideal blue emission spectrum of an LED for a flat panel display application
would have a narrow bandwidth and a wavelength such that its coordinates on the
Commission International d’Eclairage (CIE) Chromaticity Diagram would lie to the
outside of the current National Television System Committee (NTSC) standard color
triangle. For a gaussian emission spectrum with a full width at half maximum (FWHM)
of 30 nm and a maximized perceived power, the ideal wavelength of blue emission for

display applications is ~465 nm. This choice represents a trade off between the perceived

power of the emission, and the perceived blueness of the emission, as shown in Figure
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3.1. Wavelengths bluer than 460-470 nm become difficult for the human eye to perceive,
while those redder than 460-470 nm have coordinates that lie inside the standard NTSC
color triangle.

The best-characterized semiconductor QD system to date is CdSe, whose optical

(9 Blue emission can be obtained

tuning range spans the visible region of the spectrum
from CdSe particles smaller than 2 nm, which are to date difficult to synthesize with
narrow size-distributions and good quantum efficiencies. They are difficult to process,
manipulate, and overcoat with a higher band gap inorganic semiconductor, all of which
are necessary for incorporation into solid-state structures. A core-shell type composite
rather than organically passivated QDs are desirable in a solid state QD-LED device due
to their enhanced photoluminescence (PL) and electroluminescence (EL) quantum
efficiencies and greater tolerance to processing conditions necessary for device

(21-B17 1n addition, QDs < 2 nm in diameter have a small absorption cross-

fabrication
section, which leads to a small Forster energy transfer radius. All of these factors

combine to make CdSe a poor choice for blue QD-LEDs.

The largest high-quality ZnSe (ZnSe has a room temperature bulk band gap of 2.7
eV (460 nm)) NCs recently reported exhibit band-edge fluorescence up to 440 nm, which
is too bluel'*"*). Both ZnTe and CdS have appropriate band gaps (ZnTe and CdS have
room temperature bulk bands gaps of 2.39 eV (519 nm) and 2.42 eV (512 nm)
respectively). To date, it has been difficult to grow large (>4.5 nm diameter) particles of
ZnTe with narrow size distributions and as a result CdS was chosen.

A recent report has detailed the synthesis of high-quality bare CdS QDs!1,

However, bare CdS cores tend to emit deep-trap white luminescence that overwhelms the
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blue emission and as mentioned above these cores need to be overcoated with a larger
band gap semiconductor such as ZnS. The high-quality CdS NCs described in the article
mentioned above are made using oleic acid and to date we have had very little success
attempting to overcoat NCs made in the presence of oleic acid. After this work was
completed several reports appeared in the literature describing the synthesis of alloyed
Cd.Zn,«Se NCs!'"! and what was claimed to be (CdSe)ZnSe core-shell NCs!™™'”!, which
have narrow size distributions and high quantum efficiencies, making these materials

another great candidate for QD-LED display applications.

3.2 (CdS)ZnS core-shell Nanocrystals®

3.2.1 Discussion of Results and Characterization

The synthesis of the (CdS)ZnS core-shell nanocrystals (NCs) is a two-step
procedure. The CdS cores are synthesized and processed from growth solution, and the
shell of ZnS is grown onto the CdS cores in a separate reaction. The synthesis of the CdS
NC core material is based on the well established colloidal methods of preparing NCs, in
which the precursors are rapidly injected at high temperatures into a flask of high-boiling

organic solvents!'"!

. Here the cadmium and sulfur precursors are injected into a mixture
of oleylamine and trioctylphosphine in the presence of a dialkyl phosphinic acid,

providing controlled growth, which leads to large particles with narrow size distributions.

" Much of this section has appeared in print (J. S. Steckel ez al, Angew. Chem. Ed. Int. 2004, 43, 2154)
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Figure 3.2 Absorption spectra of a size-series of
large CdS nanocrystals ranging from 3.7 + 0.4 nm to

5.2 £ 0.4 nm in diameter. The longest wavelength

absorption feature for spectrum (a) occurs at A = 422
nm, (b) 427 nm, (¢) 432 nm, (d) 435 nm, () 439 nm,
(f) 444 nm, and (g) 448 nm.

Figure 3.2 shows the optical absorption spectra for a size series of CdS cores,
demonstrating their narrow size distributions. The largest particles with a first absorption
feature at 448 nm (core diameter 5.2 + 0.4 nm) still exhibit secondary and even tertiary

absorption features. The crystallinity of the core material is seen clearly in the inset of
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Figure 3.3a, in which the HRTEM micrograph shows the atom columns of a ~4.9 nm
particle. The low resolution TEM image (Figure 3.3a) illustrates the relatively good size-
distribution and morphology of the particles. PL quantum efficiencies for these CdS core
NCs after processing were 3-6 %. The PL of the CdS core NCs contains a noticeable
quantity of deep trap emission (Figure 3.4), giving the core materials a violet appearance

when excited with a UV lamp.

ah el
533
2ed

Figure 3.3 TEM images of CdS core and (CdS)ZnS
core-shell nanocrystals. Micrograph (a) shows bare,
4.9 £ 0.4 nm CdS nanocrystals with a HRTEM image
inset and image (b) depicts the same nanocrystal
sample overcoated with ~3 monolayers (3.1 A per
monolayer) of ZnS with a HRTEM image inset.

117



118

Energy [eV]
20
T I T
----- Bare CdS PL
~———— (CdS)ZnS core-shell PL

— Core CdS Deep
=3 Trap PL
S,
b queeeeseNRRcEERRsEsERCEnY
‘O
C
Qo
£
..-.j-:..-l--..--l..-..1....._5
400 500 600 700

Wavelength [nm]

Figure 3.4 Normalized PL spectra of bare CdS nanocrystals
(dotted lines) and the corresponding PL of the (CdS)ZnS
core-shell nanocrystals  (solid lines). (a) Bare CdS
nanocrystals emitting at 450 nm (4.7 + 0.4 nm diameter core,
FWHM = 18 nm) and overcoated with ~2 monolayers
emitting at 460 nm (FWHM = 24 nm), (b) Bare CdS
nanocrystals emitting at 450 nm (4.7 = 0.4 nm diameter core,
FWHM = 18 nm) and overcoated with ~3 monolayers
emitting at 465 nm (FWHM = 25 nm), (c) Bare CdS
nanocrystals emitting at 454 nm (4.9 = 0.4 nm diameter core,
FWHM = 18 nm) and overcoated with ~3 monolayers
emitting at 469 nm (FWHM = 27 nm), and (d) Bare CdS
nanocrystals emitting at 463 nm (5.2 = 0.4 nm diameter core,
FWHM = 18 nm) and overcoated with ~4.5 monolayers
cmitting at 480 nm (FWHM = 28 nm).



Growth of the ZnS shell is based on the prior overcoating procedure for
(CdSe)ZnS core-shell NCs.!'"** 7ZnS was chosen as the shell material because of its
large band gap (3.7 eV corresponding to A = 335 nm), which aids confinement of the
exciton on the CdS core, accompanied by the relatively small, 8 % lattice mismatch
between CdS and ZnS. As the zinc and sulfur precursors are added, the weak violet
fluorescence changes gradually over the course of the overcoating process to a bright

blue emission.
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Figure 3.5 Stability of PL from CdS core versus (CdS)ZnS core-shell. Core and
core-shell material were precipitated out of solution two times and dropcast from
hexane onto a glass slide. Each slide sat in open air for a total of 180 minutes and a
scan was acquired every 30 minutes.

Figure 3.4 shows the emission spectra of CdS cores before overcoating and the
corresponding (CdS)ZnS core-shell emission spectrum after overcoating. Consistent with

previous overcoating studies, suppression of deep trap emission is achieved with the
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growth of the ZnS shell, as well as increased PL stability (Figure 3.5). The relatively
good size-distribution and crystallinity of the (CdS)ZnS core-shell NCs is seen in Figure

3.3b.

The core-shell NCs exhibit quantum efficiencies of 20-30 %. The NC PL
quantum efficiencies were determined by comparing the integrated emission of a given
NC sample in dilute hexane solution with an optical density of 0.1 with that of the laser
dye Coumarin 102 (Lambda Physik) in ethanol. The quantum efficiency peaks at an
average ZnS shell thickness of ~3 monolayers (3.1 A per monolayer). No change in the
quantity of deep trap emission from the cores was seen in the presence of amine. We
believe that the amine enables the controlled growth of the ZnS shell based on the fact
that in the absence of amine in the overcoating solution not all of the deep trap emission
is suppressed””. These observations make it difficult to distinguish how the amine
independently affects shell thickness (amine concentration was always held constant) and
quantum yield. As thicker shells of ZnS are grown onto the core CdS NCs, an expected
increase in the emission FWHM occurs. The band-edge emission FWHM of the CdS
core particles is 17-19 nm. After overcoating with 2-3 monolayers the FWHM increases
to about 24-26 nm accompanied by red shifts of about 10 nm in emission and about 5 nm
for the first absorption feature (Figure 3.6). Similar red shifts in absorption have been
observed for the overcoating of CdSe with ZnS and are due to the leakage of the exciton

into the shell ],
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Figure 3.6 Absorption spectra of core CdS and core-shell (CdS)ZnS nanocrystals.
(a) Bare 4.7 £ 0.4 nm CdS (dotted line) and the corresponding (CdS)ZnS core-shell
nanocrystals (solid line) with an average ZnS shell thickness of ~2 monolayers.

(b) Bare 4.9 £ 0.4 nm CdS (dotted line) and the corresponding (CdS)ZnS core-
shell nanocrystals (solid linc) with an average ZnS shell thickness of ~3

monolayers. (c) Bare 5.2 £ 0.4 nm CdS (dotted line) and the corresponding

(CdS)ZnS core-shell nanocrystals (solid line) with an average ZnS shell thickness
of ~4.5 monolayers.

Wavelength dispersive spectroscopy (WDS) was used to confirm the thickness of

the ZnS shell for the NC sample shown in Figures 3.3b and 3.8c, giving an average
element weight percent of 21.6 + 0.9 % for Cd, 32.2 £ 0.5 % for Zn, and 46.2 + 0.7 % for

S. These values correspond to a 0.77 nm (2.5 monolayers) thick theoretical ZnS shell,
which is consistent with the average experimental thickness obtained from TEM. Figure

3.7 shows the absorption and emission of 5.4 + 0.4 nm (CdS)ZnS core-shell NCs.
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Figure 3.7 Absorption and emission spectra of
(CdS)ZnS core-shell nanocrystals. The
(CdS)ZnS core-shell nanocrystals have a 4.7 +
0.4 nm diameter core, with a ZnS shell
thickness of ~2 monolayers. The emission
peaks at 459 nm with a FWHM of 24 nm and
the first absorption feature is at 445 nm.

Figure 3.8a shows the X-ray powder pattern for 4.9 + 0.4 nm bare CdS NCs,
which appears to be a wurtzite structure with zinc-blende stacking faults along the [002]
direction"”. The X-ray powder patterns of core-shell NCs with ZnS coverages of ~2

monolayers (Figure 3.8b) and ~3 monolayers (Figure 3.8c) show a noticeable influence
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of the wurtzite ZnS shell on the overall diffraction pattern. Little evidence of small ZnS
particles was seen with TEM or optical spectroscopy, but nonetheless care was taken
during sample preparation to ensure that no ZnS particles were present for the XRD and

WDS measurements.
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Figure 3.8 XRD patterns for (a) 4.9 = 0.4 nm bare CdS
nanocrystals and ZnS overcoated samples with coverages of
(b) ~2, and (c) ~3 monolayers. The powder patterns for
wurtzite CdS and ZnS are shown for comparison in the
bottom and top insets, respectively. The lines with arrows arc
included to help guide the eye to the respective bulk material
powder peaks.
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3.2.2 Experimental Details
A two-step synthetic route was employed to prepare (CdS)ZnS core-shell

nanocrystals (NCs). In the first step, the CdS cores were prepared by rapidly injecting
the precursor solution into a round bottom flask containing degassed (under vacuum at
100°C for 1 hour) oleylamine (7 mL, 98% Pfaltz & Bauer Inc.)*" and trioctylphosphine
(TOP) (8 mL, 97% Strem) stirring rapidly at 250-280°C and then growing at 250°C for
15 to 30 minutes. The precursor solution was made by mixing a degassed (under vacuum
at 100°C for 1 hour) mixture of cadmium acetate hydrate (1-2 mmol), TOP (6 mL), and
Bis(2,4,4-trimethylpentyl) phosphinic acid (BTMPPA) (1-2 mmol, Cyanex' 272

22]

Extractant, Cytec Canada Inc.)™” with a degassed (under vacuum at room temperature
for 1 hour) solution of elemental sulfur (1-2 mmol) in oleylamine (3 mL). The size was
tuned by changing the injection temperature, growth time, and concentration of

precursors, while maintaining the sulfur to cadmium to BTMPPA ratio at 1:1:1.  This

procedure gives reaction yields of 11-12%.

Before overcoating, the CdS cores were precipitated out of growth solution and
then one more time out of hexane to remove unreacted precursors and excess capping
ligands. The particles were flocculated from growth solution by adding 0.4 volumes of
hexane, 0.8 volumes of butanol, and 3.0 volumes of methanol to 1.0 volume of growth
solution and centrifuging for 5 minutes. The particles were then dispersed in 0.15
volumes of hexane and flocculated by adding 1 drop of butanol per 1 volume of original

growth solution and 0.5 volumes of methanol and centrifuging for 5 minutes.

In the second step, the ZnS shell was grown. Trioctylphosphine oxide (TOPO)

(8-14g, 99 % Strem), oleylamine (3 mL), hexadecylamine (2 g, 98 % Aldrich), and
g y
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BTMPPA (0.3-2.0 mmol) were degassed under vacuum for 2 hours in a four-necked flask
at 100°C. The CdS cores dispersed in hexane were then added to the degassed solution
and the hexane was pulled off at 80°C under vacuum. Under a flow of argon, the NC
solution was heated to 180°C and the ZnS shell precursor solution (diethyl zinc (min. 95
% Strem) and hexamethyldisilthiane (>97 % Fluka) dissolved in TOP (7 mL)) was
introduced into the flask by dropwise addition (~1 drop/2 seconds). After addition was
complete the solution was kept at 180°C for 5 minutes and then left stirring overnight at
75°C to promote annealing of the shell. The (CdS)ZnS core-shell NCs were obtained by
precipitation using a mixture of butanol and methanol, similar to the core processing

procedure.

To determine the concentration of CdS particles in solution, for overcoating and
reaction yield purposes, the absorption cross section of CdS was calculated using
equation 2.1 (from chapter 2 (section 2.2.7)). The n and k values were found in the same
handbook as used for PbSe (see chapter 2 (section 2.2.7)) and the calculated absorption
cross section at 350 nm for CdS was found to be Cys = (5.110 x 10%)a’® cm™, where a =

average particle radius.

Optical absorption spectra were acquired on a Hewlett-Packard 8453 diode array
spectrometer. Photoluminescence spectra were acquired using a SPEX Fluorolog-2
spectrometer in a right angle collection configuration. The core CdS absorption spectra
were taken with samples prepared by diluting the as-grown NC solutions in hexane, while
all (CdS)ZnS core-shell optical characterization was done with samples that had been
precipitated out of solution at least one time and redispersed in hexane. High-resolution

transmission electron microscopy (HRTEM) done to determine the shell thickness,

125



crystallinity, and particle size distributions was performed on a JEOL-2010 electron
microscope operated at 200kV. Low resolution TEM was done on a JEOL 2000FX
operated at 200kV. Elemental analysis of the core-shell material was done using
wavelength dispersive spectroscopy (WDS) on a JEOL JXA-733 Superprobes. Powder

X-ray diffraction patterns were obtained on a Rigaku Ru300 X-ray diffractometer.

An example preparation is described below for cores with a first absorption peak at 438
nm (455 nm emission with a FWHM = 19 nm) and the overcoating of these cores with
ZnS to give a first absorption peak at 440 nm (462 nm emission with a FWHM = 25 nm)

and a quantum yield of 25 %:

The CdS cores were prepared by rapidly injecting the precursor solution into a
round bottom flask containing degassed (under vacuum at 100°C for 1 hour) oleylamine
(7 mL) and TOP (8 mL) stirring rapidly at 280°C and then growing at 250°C for 25
minutes. The precursor solution was made by mixing a degassed (under vacuum at
100°C for 1 hour) mixture of cadmium acetate hydrate (1 mmol, 230.5 mg), TOP (6 mL),
and Bis(2,4,4-trimethylpentyl) phosphinic acid (BTMPPA) (1 mmol, 316 pL) with a
degassed (under vacuum at room temperature for 1 hour) solution of elemental sulfur (0.5

mmol, 16 mg) in oleylamine (3 mL).

The ZnS shell was grown by first degassing, under vacuum for 2 hours in a four-
necked flask at 100°C, TOPO (8g), oleylamine (2 mL), hexadecylamine (2 g), and
BTMPPA (2 mmol, 632uL ). The CdS cores dispersed in hexane were then added to the
degassed solution and the hexane was pulled off at 80°C under vacuum (0.022 mmol Cd

in NC form). Under a flow of argon, the NC solution was heated to 180°C and the ZnS
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shell precursor solution (diethyl zinc (17 mg) and hexamethyldisilthiane (24 mg)
dissolved in TOP (6 mL)) was introduced into the flask by dropwise addition (~1 drop/2

seconds).

3.3 (CdS)CdZn,_,S core-shell Nanocrystals
3.3.1 Second-Generation CdS Core Preparation

It was found that when the oleylamine is degassed at room temperature in the
presence of elemental sulfur for shorter amounts of time (10-20 minutes instead of 1
hour) during the preparation of CdS core NCs, the size distribution of the resulting CdS
NCs is tighter. The procedure, as described above in detail (3.2.2), consists of mixing the
degassed elemental sulfur and oleylamine solution with the degassed TOP/cadmium
solution. When the two solutions are mixed, the dark brown/yellow color of the
sulfur/oleylamine solution turns clear (the TOP/cadmium solution is clear to begin with).
This suggests that the sulfur that has not dissolved completely in the oleylamine or the
product of the sulfur and oleylamine reaction (see reaction (1) below), (RHN).S,.;, is

reacting with the TOP to form tri-n-octylphosphine sulfide (TOPS) or with the cadmium

2RNH; +S,, —» (RHN).S, + H,S 1)
complex. The less reaction (1) is pushed to the right during the degassing step, the less
elemental sulfur is consumed and the better the size distribution of the resulting CdS
NCs. This effect does not change the size of the resulting CdS NCs, but only the size
distribution and quantum yield (QY). The QYs measured for cores made using this new
method were 15-16 % compared to 3-6 % measured previously. Figure 3.9 shows the
absorption spectra of two CdS core samples prepared in exactly the same way (see

experimental details below) except for the time the elemental sulfur and oleylamine were
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Figure 3.9 The absorption spectra of two samples of CdS cores prepared in the same
way (see experimental details below) except for the time in which the elemental sulfur
was in contact with the oleylamine while degassing at room temperature. The sample is

which the elemental sulfur was in contact with the oleylamine for only 15 minutes has a
better size distribution (FWHM of emission spectrum = 15 nm), while that which was in

contact for 90 minutes had a slightly worse size distribution (FWHM of emission
spectrum = 17 nm) and lower QY (6% versus 16%).
in contact (15 minutes versus 90 minutes). It can be clearly seen that the size distribution

of the sample in which the oleylamine and elemental sulfur were in contact for only 15
minutes is slightly better.

The two CdS cores samples shown in Figure 3.9 were prepared by rapidly
injecting the precursor solution into a round bottom flask containing degassed (under
vacuum at 100°C for 90 minutes) oleylamine (7 mL) and TOP (8 mL) stirring rapidly at

290°C and then growing at 250°C for 30 minutes. The precursor solution was made by
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mixing a degassed (under vacuum at 100°C for 90 minutes) mixture of cadmium acetate
hydrate (1 mmol, 230.5 mg), TOP (6 mL), and Bis(2,4,4-trimethylpentyl) phosphinic acid
(1 mmol, 316 pL) with a degassed (under vacuum at room temperature for 90 minutes
versus 15 minutes) solution of elemental sulfur (I mmol, 32 mg) in oleylamine (3 mL).
3.3.2 Cd«Zn,S Shell Growth

The addition of cadmium into the ZnS shell creates a graded structure at the
interface as opposed to an abrupt change from CdS to ZnS. This graded interface allows
for a more crystalline transition from the core to the shell and as a result less lattice strain.
Thicker and more uniform shells can then be grown, which provides enhanced core
surface passivation and consequently higher quantum efficiencies. Three significant
changes to the ZnS overocoating procedure described in section 3.2 were also made. The
shell growth solution was modified to mimic that of the CdS core growth solution
(TOP/oleylamine/phosphinic  acid), two to three fold excess  sulfur
(hexamethyldisilthiane) was used to achieve more uniform shell growth, and the shell
precursors were added over 1 to 2 hours using a syringe pump compared to 5 minutes
using an addition funnel. The longer addition times using a syringe pump provides
smooth, continuous shell precursor addition and therefore controlled and uniform shell
growth. The introduction of cadmium into the shell as well as the three changes
described above provide the conditions necessary to grow thicker and more uniform
shells and a two fold increase in quantum yield was observed (50 % compared to 25 %
previously).

Figure 3.10 shows three different sizes of (CdS)CdyZn;S core-shell NCs. The

two samples emitting at 440 nm and 496 nm were made for lasing applications (see
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section 3.4), while the sample emitting at 458 nm was made for QD-LED applications.
The (CdS)CdyZn, S core-shell NCs emitting at 458 nm have a FWHM = 20 nm and a

QY of 49% and the detailed synthesis is described below for reference.
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Figure 3.10 Three sizes of (CdS)CdiZn,,S core-shell NCs emitting at 440 nm
(dashed) with a FWHM = 23 nm, 458 nm (solid) with a FWHM = 20 nm, and 496 nm
(dotted) with a FWHM = 29 nm. The detailed description of the synthesis of the
sample emitting at 458 nm can be found below. The quantum yield was measured to
be 49%.

An example preparation of (CdS)CdiZn; «S core-shell NCs is described below for
cores with a first absorption peak at 430 nm (442 nm emission with a FWHM = 17 nm)
and the overcoating of these cores with CdyZn;S to give a first absorption peak at 443
nm (458 nm emission with a FWHM = 20 nm) and a quantum yield of 49% (emission

spectrum shown in Figure 3.10). The CdS cores were prepared by rapidly injecting the
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precursor solution into a round bottom flask containing degassed (under vacuum at
100°C for 2.5 hours) oleylamine (7 mL) and TOP (8 mL) stirring rapidly at 300°C and
then growing at 250°C for 25 minutes. The precursor solution was made by mixing a
degassed (under vacuum at 100°C for 2 hours) mixture of cadmium acetate hydrate (1
mmol, 230.5 mg), TOP (6 mL), and Bis(2,4,4-trimethylpentyl) phosphinic acid
(BTMPPA) (1 mmol, 316 puL) with a degassed (under vacuum at room temperature for 15

minutes) solution of elemental sulfur (1 mmol, 32 mg) in oleylamine (3 mL).

The CdyZn S shell was grown by first degassing, under vacuum for 2 hours in a
four-necked flask at 100°C, TOP (5 mL), oleylamine (5 mL), and BTMPPA (1 mmol,
316 puL ). The CdS cores dispersed in hexane were then added to the degassed solution
and the hexane was pulled off at 70°C under vacuum (0.071 mmol Cd in NC form).
Under a flow of argon, the NC solution was heated to 170°C and the two Cd\Zn,.S shell
precursor solutions (solution #1: diethyl zinc (47 mg) and dimethylcadmium (4 mg)
dissolved in 3 mL of TOP and solution #2: hexamethyldisilthiane (146 mg (2 fold
excess)) in 3 mL of TOP), each in separate syringes, were introduced into the flask at a

rate of 33 uL/minute (90 minute addition) using a syringe pump.

3.4 Blue Nanocrystal Lasing and Biological Imaging

The purpose of this section is to highlight how the synthesis of high-quality blue
emitting NCs has influenced two other important areas of NC research: NC lasing and

biological imaging. For more details see the respective published articles.

131



3.4.1 Blue Nanocrystal ASE and Lasing”

Semiconductor NCs are unique as optical gain media due to their size-dependent
color-tunability and chemical flexibility. Previous work on CdSe NCs has shown that
both amplified spontaneous emission (ASE) and lasing at room temperature can be
achieved under appropriate conditions'™ ). Despite the fact that CdSe NCs have
emission tunability over a large portion of the visible range, however, neither ASE nor
lasing at blue wavelengths has been demonstrated from these NCs. This may be
attributed to highly efficient non-radiative Auger relaxation processes which become

(261 Recently, ASE at blue wavelengths

dominant as the size of the nanocrystal decreases
was achieved by the use of Type-II NCs, but only at low temperature!®’, whereas all of
our work was done at room temperature.

Much attention has been given to CdS NCs in view of their potential use as
nonlinear optical materials, such as optical switches and amplifiers. From z-scan
measurements elucidating the third and higher order nonlinearities”®*>%, to theoreticall®!!
and experimentalm] efforts determining optical gain, CdS NCs have been the subject of
much fundamental study. Numerous efforts have therefore been dedicated to embedding
these NCs in a host matrix. Many of these efforts, however, employ CdS NCs whose
surfaces are not well passivated, resulting in significant deep trap emission”>**?1. This
leads to a broadened emission spectral profile?””! (FWHM > 150 nm) which can overlap

with the size-tunable band-edge emission, making it difficult to separate the emissive

contribution from deep-trap states to the observed fluorescence. The spectrally

* Much of this section has appeared in print (Y. Chan et al, Appl. Phys. Lett. 2005, 86, 073102)
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broadened emission is also undesirable for optical applications that rely upon the narrow
emission profiles of NCs.

Previous work on CdSe NCs established that a judicious choice of surface ligands
leads to NCs that are dispersible in ethanol, allowing their incorporation into sol-gel
derived matrices in volume fractions sufficiently high to observe stimulated
emission” "1, The (CdS)CdyZn, S core-shell NCs were rendered dispersible in ethanol
by treatment with oleylamine and 5-amino-1-pentanol (AP) in the presence of small
amounts of tetrahydrofuran. Addition of the silica precursor [3-
aminopropyltrimethoxysilane (APS)] resulted in a slightly viscous liquid that was spin
coated onto a glass slide to form a thin clear film. The spin-coated film was then annealed
at 100°C for ~5 minutes and then at 200°C for ~ 2 minutes to complete the condensation
of the siloxane in APS, bridging the silica network. Figure 3.11 shows the emission
profiles of 3 different (CdS)CdiZn,;«S NC-silica composite films. The narrow spectral
widths of the fluorescence emission of the NCs (FWHM ~ 25-30 nm) are preserved upon
incorporation into the film. No significant deep trap emission is observed, suggesting
that the incorporation process does not appreciably perturb the surface quality of the
overcoated NCs. ASE at room temperature was achieved by exciting the films with the
frequency-doubled output of a regeneratively amplified Titanium-Sapphire (Ti-Sapph)
laser system. This provided excitation centered at 400 nm with a pulsewidth of 100 fs
and a repetition rate of 1 KHz. The narrower (FWHM ~ 5-7 nm) ASE counterpart of
each fluorescence spectrum appears on the lower energy side of the fluorescence. The

use of high-quality (CdS)CdZn;.S core-shell particles, which exhibited no deep trap
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Figure 3.11 Tunable fluorescence of (CdS)Cd,Zn,.S core-shell NCs in silica
films (dotted lines). Their corresponding room temperature ASE spectra (solid
lines), which occur at 454 nm, 477 nm and 503 nm, feature dramatically reduced

linewidths (from ~ 25 nm to ~ 5 nm).
emission allowed us to determine the biexcitonic origin of the optical gain, and facilitated
VSL measurements of the room temperature modal gain.
Optically pumped lasing was achieved by coupling the (CdS)CdZn; S NC-silica
The (CdS)CdyZn; S NC-silica coated spherical

composite to a spherical resonator.
resonators were produced according to a recently developed procedure!” % 'in which the

NC-sol mixture is spin-coated in the presence of commercially available silica

microspheres onto a substrate. The inset in Figure 3.12 shows a microscope image of a
A home-built imaging /

typical microsphere resonator under UV light excitation.

dispersive far-field fluorescence microscope coupled to the frequency-doubled output of
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the Ti:Sapph regenerative amplifier was used to excite and detect lasing from the
microsphere-NC composites. Lasing was obtained at room temperature by exciting
individual microspheres above threshold, as indicated in the spectra shown in Figure
3.12. The development of narrow (FWHM < | nm), evenly-spaced peaks (characteristic

of whispering gallery modes"®"’) within the gain spectrum of the NCs depicts the onset of

4000
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Figure 3.12 Lasing spectra from the (CdS)CdiZn; S NC-microspheres at
increasing pump intensities. The inset is a fluorescence microscope images of a
typical 20 um diameter (CdS)CdZn; S NC-microsphere composite under UV
light excitation. The bright halo is due to agglomeration of the NC-sol at the base of
the sphere during spin-casting.

lasing. These blue-emitting spherical resonators open up a new spectral window,

providing room temperature NC-based lasers access across the entire visible range.



3.4.2 Intravital Imaging in the Blue

Intravital microscopy has provided unmatched molecular, cellular, anatomical,
and functional insight into both tumor biology and the response to treatment™®. This
technique captures fluorescence from molecules that are either injected into the host or

expressed by cells?"*!

as well as intrinsic signals such as second harmonic generation
emanating from collagen when multi-photon excitation is used™'*?.  Traditional
fluorophores (organic molecules) hamper simultaneous imaging of the major components
of a solid tumor (the cancer and host cells, the extracellular matrix, and the blood vessels
that provide nourishment) because they photobleach and have relatively narrow
excitation and broad emission spectra. Nanocrystals (NCs) on the other hand have the
potential to overcome these limitations because they are photostable, tunable to a desired
narrow emission spectrum, relatively insensitive to the wavelength of excitation light,
and are especially bright fluorophores for use with multiphoton microscopy'™".

Resent work!*"! presented three studies that highlight the synergy of
semiconductor NCs and multiphoton intravital microscopy for tumor pathophysiology
studies: differentiating tumor vessels from both peri-vascular cells and matrix, assaying
the ability of microparticles to access the tumor, and monitoring the trafficking of
precursor cells. In this work we synthesized (CdS)ZnS core-shell NCs with peak
emission at 470 nm, which intentionally laid nicely in between the second harmonic
generation (SHG) and the green fluorescent protein (GFP) signals. As a result NCs

emitting at 470 nm and 590 nm could be excited and imaged concurrently, while

* Much of this section has appeared in print (Y. Chan er al, Adv. Mater. 2004, 16, 2092)
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avoiding the interference of the fluorescence of the fixed signals emanating from the
tumor environment™**,

The (CdS)ZnS core-shell NCs were also incorporated into a silica shell grown on
preformed sub-micron diameter silica microspheres™, analogous to the method of Vrij et
al™®. The strategy employed growing a shell of silica onto a silica microsphere in the
presence of properly derivatized NCs. The core silica microspheres were synthesized

using previously established techniques™’*.

The native tri-n-octylphosphine oxide
(TOPO) ligands on the (CdS)ZnS core-shell NC surface were cap-exchanged with 5-
amino-1-pentanol (AP) and 3-aminopropyltrimethoxysilane (APS). The amino group of
each ligand binds to the NC surface and the hydroxyl group of AP permits dispersion in
ethanol while the alkoxysilane moiety of APS presumably allows the formation of
siloxane bonds with the silica host matrix. The cap-exchanged NCs are then dispersed in
a mixture of ethanol, tetraethoxysilane and bare silica microspheres and upon addition of
water and ammonium hydroxide to this mixture at elevated temperatures, rapid
hydrolysis of the siloxane precursor occurs, which subsequently condenses to form a thin
shell of silica around each microsphere.

The inherent stability of the spheres in aqueous solvents, as well as their
photostability, brightness, and spectral resolution, allows them to be used in biological
applications where the size of the chromophore is key. NC-loaded silica microspheres
were used in conjunction with multiphoton intravital microscopy as a new method to
guide the design of particulate drug delivery vehicles'™. More specifically, the ability of
differently-sized NC-encoded microspheres was assayed to access vascular endothelial

growth factor-green fluorescing protein (VEGF-GFP) peri-vascular cells using highly
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uniform 100 and 500 nm silicate beads, loaded with (CdS)ZnS core-shell NCs emitting at
470 nm and (CdSe)Cd.Zn,.,S core-shell NCs emitting at 590 nm, respectively. The NC-
encoded spheres were administered concurrently to a VEGF-GFP mouse bearing wild-
type MCalV tumor explant within a dorsal skinfold chamber preparation. Following a 5-
hour period of extravasation, a region of the tumor was imaged to reveal the distribution
of microspheres. The ability to tune the NC fluorescence from the GFP reporter protein

enabled us to assess the ability of these candidates to access the peri-vascular cells.

Figure 3.13 Image of the blood vessels in the brain of a Tie2-GFP
mouse using intravital multiphoton microscopy.  Blue-emitting
microspheres (mean diameter 100 nm) and red-emitting microspheres
(mean diameter S00 nm) are shown circulating within the blood
vessels lined with GFP-expressing endothelial cells (green). More
blue emission is seen due to the fact that a much higher concentration
of blue microspheres was injected. The enlarged selected area shows
a cartoon of a core-shell silica microsphere, where the shell appears
blue due to the presence of the (CdS)ZnS core-shell NCs.
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These (CdS)ZnS NC-tagged microspheres were also injected and imaged (using
multiphoton intravital microscopy) in the blood vessels in the brain of a Tie2-GFP mouse

for illustrative purposes[45 L F igure 3.13.

3.5 Conclusions

The synthesis of blue emitting (CdS)ZnS and (CdS)Cd(Zn;.S core-shell
nanocrystals (NC) was described in detail. The procedure is a two step synthesis, in
which CdS core NCs are overcoated with ZnS or CdZn,S to yield stable core-shell
particles. This blue emitting core-shell material was tuned from 440 nm to 500 nm and
shown to exhibit quantum efficiencies as high as 50%. Complete material
characterization was achieved using absorption and emission spectrophotometry,
transmission electron microscopy, X-ray powder diffraction, and wavelength dispersive
spectroscopy. These core-shell NCs were also shown to exhibit greater stability to
photoluminescence efficiency degradation compared to core CdS NCs. Access to the
blue region of the visible spectrum has been realized with stable, processable core-shell
nanocrystals, making applications such as blue QD-LEDs, blue nanocrystal lasing, and

blue NC-biological fluorescence labeling possible.
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Chapter 4

(CdyZn;Se)CdyZn,.,S core-shell Nanocrystals

4.1 Introduction and Motivation

Semiconductor nanocrystals (NCs) or quantum dots (QDs) show great promise for
use in QD-LED (quantum dot light emitting device) displays, due to their unique optical
properties and the continual development of new core and core-shell structures to meet

1-10]

specific color needs! This in combination with the recent development of more

efficient and saturated QD-LEDs as well as new QD-LED fabrication techniques“l‘m’],
suggests that QD-LEDs have the pofential to become an alternative flat panel display
technology (see Chapter 6). The ideal red, green, and blue emission spectrum of an LED
for a display application would have a narrow bandwidth and a wavelength such that its
color coordinates on the Commission International d’Eclairage (CIE) chromaticity
diagram would lie to the outside of the current National Television System Committee
(NTSC) standard color triangle. For a Gaussian emission spectrum with a full width at
half maximum (FWHM) of 30 nm and a maximized perceived power, the optimal peak
wavelength for display applications is A = 610-620 nm for red, A = 525-530 nm for green,
and A = 460-470 nm for blue (see section 3.1). For the red pixels, wavelengths longer
than A = 620 nm become difficult for the human eye to perceive, while those shorter than
A = 610 nm have coordinates that lie inside the standard NTSC color triangle.

Optimization of wavelengths for the blue pixels follows the same arguments as for the

red pixels, but at the other extreme of the visible spectrum. Green is a different story
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however. Green pixels emitting at A = 525-530 nm provide a color triangle with the
largest area on the CIE chromaticity diagram (and therefore the largest number of colors
accessible by a display). Wavelengths longer than A = 530 nm make some of the
blue/green area of the triangle inaccessible. Wavelengths shorter than A = 525 nm
compromise the yellow display emissions.

To date, efficient red-emitting QD-LEDs with a peak emission wavelength
optimized for display applications have been realized using (CdSe)ZnS core-shell
NCs!'"3! " while blue QD-LEDs with a peak wavelength of emission optimized for
display applications have been realized with a (CdS)ZnS core-shell material!'”. To date,
an efficient and stable green-emitting core-shell semiconductor NC that emits at A = 525
nm has not been synthesized and used to fabricate a QD-LED suitable for display
applications. Previous work using (CdSe)ZnS core-shell NCs gave QD-LEDs that emit
at wavelengths no shorter than A = 540-560 nm'"*!'*!. Using (CdSe)Zn$ core-shell NCs to
achieve A = 525 nm emission would require making small CdSe cores (~2.5 nm
diameter), due to the significant red shifts obtained after the shell of ZnS is grown onto
the CdSe corest'>'®. Such small CdSe semiconductor NCs are difficult to synthesize
with narrow size distributions and high quantum efficiencies, and are also difficult to
process and overcoat with a higher band gap inorganic semiconductor, which is necessary
for incorporation into solid-state structures. A core-shell type composite rather than an
organically passivated NC is desirable in a solid state QD-LED device due to the
former’s enhanced photoluminescence and electroluminescence quantum efficiencies and
greater tolerance to processing conditions necessary for device fabrication!">'>'"). Larger

NCs are also more desirable for use in QD-LEDs, because the absorption cross section of
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NCs scales with size. Larger NCs with larger absorption cross sections lead to an
increase in the efficiency of Forster energy transfer from organic molecules to NCs in a

working QD-LED, which in turn leads to more efficient devices.

4.2 Synthesis of (CdyZn;..Se)Cd,Zn, S core-shell Nanocrystals

In this work, we synthesized a Cd,Zn;Se alloy core and then grew a CdyZn,.,S
shell to create a core-shell NC material with the ideal spectral characteristics for green
emission in a QD-LED display. Our CdZn;Se core synthesis was based on work
recently published, in which Cd and Se precursors were slowly introduced into a growth
solution of ZnSe NCs''?. A three-step synthetic route was employed to prepare the
(CdyZn;Se)CdyZn,.,S core-shell NCs.

In the first step, ZnSe NCs were prepared by rapidly injecting 0.7 mmol
diethylzinc (Strem) and | mL of tri-n-octylphosphine selenide (TOPSe) (1M) dispersed
in 5 mL of tri-n-octylphosphine (TOP) (97 % Strem), into a round bottom flask
containing 7 grams of degassed hexadecylamine (distilled from 90 % Sigma-Aldrich) at
310°C and then growing at 270°C for 90 minutes.

The second step consisted of transferring 8 mL of the above ZnSe NC growth
solution, while at 160°C, into a degassed solution of 16 grams of tri-n-octylphosphine
oxide (TOPO) (distilled from 90 % Sigma-Aldrich) and 4 mmol of hexylphosphonic acid
(HPA) (Alfa Aesar), which was also at 160°C. A solution of 1.1 mmol of
dimethylcadmium (Strem) and 1.2 mL of TOPSe (I1M) dispersed in 8§ mL of TOP (97 %
Strem) was then introduced dropwise (1 drop / ~2 seconds) into the ZnSe NC growth
solution/TOPO/HPA mixture, which was at 150°C. The solution was then stirred at

150°C for 46 hours. Before overcoating the CdiZn;.Se cores with Cd,Zn,.,S, the
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CdxZn;«Se cores were isolated by precipitating them out of solution twice with a
miscible non-solvent.

In the third step, the CdyZn,.,S shell was grown by introducing dropwise a
solution of dimethylcadmium (20 % of total required moles of cation) (Strem),
diehtylzinc (Strem), and hexamethyldisilthiane (2 fold excess of required amount)
(Fluka) in 8 mL of TOP into a degassed solution of 10 grams of TOPO (distilled from 90
% Sigma-Aldrich) and 2.4 mmol of HPA (Alfa Aesar), which contained the core CdyZn,
3¢ NCs at a temperature of 150°C (the CdxZn;«Se cores dispersed in hexane were added
to the degassed TOPO/HPA solution and the hexane was pulled off at 70°C under

vacuum prior to the addition of the shell precursors).

4.3 Characterization of Cd,Zn,,Se and (Cd,Zn,,Se)Cd,Zn,_,S

To fully characterize our CdyZn,«Se core material, aliquots were sampled from
the growing solution at time t = 7, 60, and 2760 (46 hours) minutes and analyzed with
transmission electron microscopy (TEM), wavelength dispersive spectroscopy (WDS),
and absorption and fluorescence spectrophotometry. Figure 4.1 shows the absorption and
emission spectra of these three aliquots as well as the absorption spectrum of the starting
ZnSe NCs (2.6 + 0.5 nm in diameter determined by TEM). It was seen that over time the
absorption and emission spectra shifted to the red and the deep trap emission diminished
after 46 hours of growth (Figure 4.1, spectrum 4), yielding particles ~3 nm in diameter.
Figure 4.2(a) shows a TEM image of the core Cd.Zn;Se particles after 46 hours of
growth. Upon overcoating the cores of CdiZn;«Se with Cd,Zn,.,S, the deep trap

emission was suppressed completely, yielding an efficient (quantum yields of 50-60%),
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Figure 4.1 Normalized absorption (solid) and emission (dashed) spectra of

the core NCs over time: (1) Starting ZnSe NCs (first absorption peak at 350

nm); (2) Aliquot taken out after 7 minutes of growth (first absorption peak

at 413 nm; emission peak at 439 nm); (3) Aliquot taken out after 60 minutes

of growth (438 nm; 475 nm); (4) Aliquot taken out after 46 hours of growth

(470 nm; 506 nm (FWHM = 34 nm)). All absorption and emission spectra

were taken with samples prepared by diluting the as-grown NC solutions in

hexane and filtering with a 0.2 um syringe filter.
saturated color (FWHM = 30 nm), green-emitting core-shell material suitable for QD-
LED display applications (Figure 4.3). The (CdZn;.Se)Cd,Zn;,S core-shell NC
morphology can be seen in Figure 4.2(b). The diameter of the core-shell particles was
measured to be 3.8 £ 0.5 nm from TEM. The photoluminescence quantum efficiencies
were determined by comparing the integrated emission of a given NC sample in dilute

hexane solution with an optical density of 0.1 with that of the laser dye Coumarin 540 in

ethanol.
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Figure 4.2 TEM images of core Cd,Zn,Se and (Cd,Zn,Se)CdyZn,,S core-
shell NCs. a) Micrograph showing bare, 3.2 = 0.5 nm in diameter Cd,Zn,.,Se
NCs; b) the CdZn,..Se NCs overcoated with CdyZn,,S (3.8 £ 0.5 nm in

diameter).
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Figure 4.3 Absorption and emission spectra of (Cd.Zn,(Se)CdyZn,.,S
core-shell NCs. The emission peaks at 520 nm with a FWHM of 30 nm
and the first absorption feature is at 495 nm. The inset shows the
bright, color saturated, green emission from the NCs while being
excited with a UV lamp.

Table 4.1 shows the growth time (t = 7, 60, and 2760 minutes) of each aliquot, the
average outer diameter determined by TEM, the Zn to Cd ratio determined by WDS, the
measured first absorption peak, and the calculated alloy (CdyZn;.Se) and core-shell
((ZnSe)CdSe core-shell) wavelengths. Table 4.2 shows in more detail the size analysis of
the growing NCs over time, including the number of particles measured to contribute to
the average NCs diameters. We see from the raw data that as the reaction proceeds, the
first absorption peak shifts to the red (Figure 4.1), the Zn to Cd ratio decreases, and the
diameter of the particles increases. It is important to note that there was a relatively large

increase in particle diameter from t = 7 to t = 60 minutes of growth, but then a very small
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Growth Outer Measured Cafllr lated galculS::\r:e(lil inner
Time Diameter | Zn/Cd¢ | Absorption oy ore-sne Diameter
(minutes)? | (nm)? (nm)e Wavelength | Wavelength (nm)e
(nm) (nm)
7 1.9+0.3 0.33 413 324 416 0.65
60 3.1+05 0.18 438 477 509 1.64
2760 3.2+05 0.08 470 505 534 1.35

Table 4.1 Experimental data for the three aliquots taken out of the growing core solution,
shown along with the results of effective mass approximation calculations of the first
transition encrgy of alloyed (Cd,Zn,_S¢) vs. core-shell (ZnSc)CdSe NCs.

a. Time from when the Cd and Se precursors were introduced into the flask containing the
ZnSe NCs to when the aliquot was removed from the flask (complete addition of the Cd and
Se precursors occurred at 9.5 minutes).

b. Measured from TEM.

c. Measured from WDS. The NC samples for the WDS measurements were prepared by
precipitating the NCs out of solution twice and redispersing in hexane and then drop cast
onto a silicon substrate.

d. First absorption feature from absorption spectra shown in Figure 4.1.

e. Calculated from the Zn/Cd ratio and the known outer NC diameter from TEM
measurements. This parameter is relevant only for the core-shell calculations while the
alloy results depend only on the outer diameter.

increase in diameter from t = 60 to t = 2760 minutes (46 hours). This small change in

diameter was accompanied by a relatively large change in the Zn to Cd ratio as well as a

relatively large shift to the red of the first absorption peak. This would suggest that at t =

7 minutes the structure is most likely a (ZnSe)CdSe core-shell structure and that for t > 7

minutes the structure becomes a Cd,Zn,.Se alloy, due to the migration of cations in the

material®). It is interesting to note that we saw a decrease in particle diameter following

the introduction of the neat hexadecylamine ZnSe growth solution (2.6 = 0.5 nm In

diameter) into the TOPO/phosphonic acid solution at 160°C after about 2/3 of the Cd and
Se precursors had been added (7 minute aliquot, 1.9 + 0.3 nm in diameter). This particle

etching is plausible based on the large excess of acid present in the solution.
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Gr9wth Quter 4 of NCs
Time Diameter
. Measured
(minutes) (nm)
0 (ZnSe core) 2.60 = 0.50 75
7 1.86 = 0.30 217
20 2.62 =043 306
60 3.06 = 0.52 401
660 3.09 = 0.51 524
2760 321 = 046 475

Table 4.2 Experimental data showing in more detail the size of
the NCs as they grew, determined from TEM and the number of
NCs measured per sample to determine the average size. The
sample at 20 minutes is not shown in Tablec 4.1.

In order to help confirm our analysis of the NCs composition (CdxZnl-xSe alloy
vs. (ZnSe)CdSe core-shell) we performed calculations, as summarized in Table 4.1. The
eigenvalues of an electron and hole within an alloyed or a core-shell semiconductor NC
were calculated using the effective mass approximation as described previously!'®'"!,
These calculations used experimentally derived electron and hole effective masses and
band gaps to determine the lowest energy at which standard radial boundary conditions

for the wavefunctions are satisfied'*="!

. The following parameters were used in these
calculations. The effective masses are 0.1323 for the CdSe electron and 0.45 for the hole.
The effective masses for ZnSe are 0.157 for the electron and 0.64 for the hole. Band
offsets for CdSe relative to ZnSe: -1.20 eV for the electron and 0.22 ¢V for the hole. The
bulk band gaps are 1.761 eV for CdSe and 2.685 eV for ZnSe. Notice that the hole
energy offset for CdSe relative to ZnSe is modeled as being positive as the holes disperse

towards negative energies (and thus prefer to reside in the higher valence band material).

[t was found that the calculated first transition energies for CdSe and ZnSe NCs
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using this method overestimate the effect of quantum confinement. For example, CdSe
NCs with a 3.2 nm diameter are calculated to have a first absorption feature at 424 nm,
which is significantly blue shifted from the experimental value of 520 nm**. As a result,
we treated the band gaps and electron effective masses as parameters to be optimized for

both pure NC materials to match reported experimental resultst**>>],

Essentially, the
band gaps are slightly increased (~10%) while the electron masses are raised by a factor
of 2-31%%1. Next, we performed two sets of calculations using these optimized parameters
to represent an alloyed material or a strict core-shell structure. To model an alloyed NC
we adjusted the optimized band gap and electron/hole effective masses via a linear
interpolation of the parameters for the pure materials based upon the experimentally
determined stoichiometry (i.e. Zn to Cd ratio determined by WDS, shown in Table 4.1).
To model a core-shell structure, we used the measured stoichiometry to determine the
core radius and calculated the lowest electron and hole energies of a material with a ZnSe
core, CdSe shell, and organic capping layer which has a high band offset (5 eV) for the
electron and hole. The lowest transition energy is then determined by adding the electron
and hole eigenvalues to the optimized band gap along with the Coulombic binding energy

of the electron and hole as determined from perturbation theory!®.

The optimized
electron effective masses were 0.3727 for CdSe and 0.345 for ZnSe. The optimized
bandgaps were 1.9433 for CdSe and 2.9437 for ZnSe. It was found that the deviation
between the calculated first transition energy versus experiment was on the order of + 2
nm using these parameters.

[t can be seen that the calculated first transition energy for a core-shell structure is

a good match for the NC material after the initial (7 minute aliquot) exposure to the Cd
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and Se precursors. After prolonged (>1 hour) exposure, an alloyed structure matches the
experimental results while a core-shell material has a first absorption that is too low in
energy. These results suggest that an alloy better represents the electronic structure of the

core materials made here.

4.4 Conclusions

CdiZn,Se alloy core nanocrystals (NCs) were synthesized and characterized
using absorption and emission spectrophotometry, transmission electron microscopy, and
wavelength dispersive spectroscopy. Based on the experimental data and calculations, it
was determined that the CdyZn;Se NCs are best described as alloyed particles. The
CdZn;(Se NCs were overcoated with CdyZn,,S to create high-quality, efficient
(Cd«Zn;.<Se)CdyZn;.4S core-shell NCs with the precise emission peak required for QD-

LED display applications.
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Chapter 5

Phase Separation and QD-LEDs Made Using Phase Separation

5.1 Introduction

We investigate a new method for forming large area (> cm?), ordered monolayers
of colloidal semiconductor nanocrystals (NCs) or quantum dots (QDs). The NC thin
films are formed in a single step by spin-casting a mixed solution of aromatic organic
materials and aliphatic-capped NCs. The two different materials phase separate during
solvent drying, and for a predefined set of conditions the NCs 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 sfructure. Controlling all of these factors allows the creation of colloidal crystal
domains that are square microns in size, containing tens of thousands of individual NCs
per grain. Such fabrication of large area, engineered layers of nanoscale materials brings
the beneficial properties of inorganic NCs into the realm of nanotechnology. For
example, this technique has already enabled significant improvements in the performance
of QD light emitting devices (QD-LEDs)M.

The colloidal synthesis of inorganic NCs*?! enables tuning of NC 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
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number of NCs, or large area devices that utilize great numbers of NCs. In both cases,
controlling the placement of the NCs 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 NCs on solid substrates!®"?!

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 NCs over large areas (cm®) in two-dimensional sheets within layered
structures. This process simultaneously yields NC monolayers self-assembled into hep
arrays and places this monolayer on top of a co-deposited contact. We describe the NC
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)!"'""!¥!

, but as a general and flexible
fabrication technique this method could enable fabrication of a wide variety of large area
nanostructured heterostructures. NC 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 NC) level'™*'".

The fabrication of a monolayer sheet of close-packed NCs by phase separation
during spin-casting is in essence a very simple process, as depicted in Figure 5.1. The

process relies upon the solvation of both the organically capped semiconductor NCs and

the organic material to be used as an underlayer in a compatible solvent system. During
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Figure 5.1 Graphical description of the fabrication of organic/NC bilayers through phase
separation during spin-casting: TPD (N,N’-diphenyl-N,N’-bis(3-methylphenyl)-(1,1’-
biphenyl)-4,4’-diamine) exemplifies the organic material (hole transport layer (HTL)).
The entire process can be completed on the time scale of seconds, differentiating it from
other NC self-assembly techniques. This fabrication process enables the creation of
efficient QD-LED structures!"), depicted in the bottom left of the figure.

solvent drying, the NCs 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 NCs. 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 NC sample is of
critical importance to the phase separation process (see 5.2.7 Experimental Details). As
an example, the fabrication can be continued resulting in a complete light emitting

device.

158



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 NC monolayer sheets for a number of substrates,
solvents, organic underlayer materials, NC core materials, NC organic capping groups,
NC diameters, NC size aspect ratios, spin-casting parameters, and environmental
conditions. Table 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 NCs and organics in the needed concentrations,

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

Organic hosts TPD, NPD. poly-TPD, CBP, Alg;. 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

Table 5.1 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’-dipheny!l-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.
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5.2 Investigation of Phase Separation”

5.2.1 Control of Organic Underlayer Film 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 2
mg/ml (resulting in 12 nm underlayer film thickness) to 94 mg/mL (440 nm underlayer
film thickness). Figure 5.2(f, inset) shows that the relationship between the TPD
concentration in a chloroform solution and the resulting underlayer film thickness is
linear. Atomic force microscopy (AFM) images of these surfaces reveal that phase
separation is still present in all samples, and that the fraction of NC surface coverage is
completely independent of underlayer film thickness. This separation of parameters
facilitates optimization of device performance in fabricated structures.
5.2.2 Control of Monolayer Surface Coverage

The concentration of NCs in the spin-casting solution may also be tuned, with
predictable effects on the resulting bilayer. For very low NC concentrations, the bilayer
film (see Figure 5.2(a)) contains a countable number of QDs distributed homogeneously
on the organic surface. The NCs can be imaged individually, or in close-packed
groupings of two or more crystals. As the solution NC concentration is increased, the

number of NCs on the surface of the film increases (see Figures 5.2(b)-5.2(d)). Figure

* Much of this section appeared in print (S. Coe-Sullivan et al, Adv. Funct. Mater. 2005, 15, 1117)
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5.2(f) plots the observed percent coverage versus NC concentration in the spin-casting

solution.

QD coverage =<1%

&
25nm

- - 500nm
& !;' [ —

QD Concentration [mg/mL]

88% partial multilayer, 4 s 100

Film Thickness [nm]
200 400

0

0 40 80
TPD Concentration [mg/mL]

Figure 5.2 Effect of solution concentration on the phase separation process: Tapping mode
AFM images of NCs assembled on an organic surface. As the concentration of NCs in the
spin-casting solution is increased, the surface coverage of NCs is increased. The images
show NC partial monolayers (a-d) with various coverages, and a partial multilayer that results
from even higher NC solution concentrations (e). Figures (a-e) are phase images, while
Figures (d’, €’) are the corresponding height images which demonstrate the increase in
surface roughness for multilayer NC films. NC concentrations are Figure (a) 0.48 mg/mL,
(b) 1.6 mg/mL, (c) 4.8 mg/mL, (d) 16mg/mL, and (e¢) 48 mg/mL. Figure (f) shows the
dependence of NC monolayer surface coverage on concentration of NCs 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 NC surface coverage fraction. The
NCs in this figure are 6.5 nm diameter PbSe cores, prepared as described in chapter 2,

section 2.2.4.

As the NC solution concentration is increased, a nearly complete coverage of NCs
on the organic surface is observed. If the concentration of NCs in the spin-casting

solution is further increased, the result is a breakdown of the flat, uniform morphology
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shown in the other AFM images in this work. As more NCs 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 NCs 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 NC multilayers occurs (Figure 5.2(¢)). 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.
5.2.3 Control of Packing Order and Grain Sizes

The degree of hexagonal packing that is observed on a NC monolayer is directly
related to the polydispersity of NC diameter. Figure 5.3 shows three partial NC
monolayers, spin-cast from solutions formulated from three different NC samples.
Figure 5.3(a) shows an example of a largely disordered film, made from a NC 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 hcp array of
particles has been prevented by the size dispersion.

Figure 5.3(b) shows a bilayer formed from a NC sample with osp = 5-10%.
While it is clear that the NCs have assembled into the hcp monolayer structure, the
ordered domains, or grains, remain small, containing at most a few hundred NCs 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 NC synthetic techniques, 6sp < 5% is achievable (see

Chapter 2, section 2.2.4). Figure 5.3(c) shows an AFM image of an hcp bilayer created
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with such a sample, in this case 5.5 nm PbSe NCs with oleic acid caps on a TPD
underlayer. The high degree of spatial periodicity of the sample enables clear imaging of
individual NCs in the hcp colloidal crystal as depicted in Figure 5.4. The average grain
size exceeds 1 pm’, with a high degree of two dimensional ordering over tens of
thousands of repeat units.

Standard Deviation >10% ‘iS‘.tan'_cigr‘&De\‘(iation 54 0%" Standard Deviation <5%

. 6

A% - -~ -
LY SRR
5

Figure 5.3 Effcct of NC size distribution on the degree of packing order: AFM phase images
demonstrating this effect. For broad size distributions (a, (CdSe)ZnS), the NCs assume random
packing. As the size distribution is narrowed (b, red emitting bare CdSe, c, 5.5nm PbSc) the NCs
clearly pack into hexagonal arrays. For monodisperse samples with osp < 5% (c), high degrees of
order are achievable, with grain sizes larger than 1 pum?®. 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 (NC center to center spacing) of the
NC monolayers.

NC eccentricity, or size aspect ratio, also determines the degree of self-assembled

(6] Many of the 1I-VI colloidal semiconductors have a

order in these NCs monolayers
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
NCs with controllably tuned size eccentricity from Ra = 1.0 (spherical) to several 100

(rod shaped NCs)®. Figure 5.5 demonstrates that the phase separation process is

unaffected by changes in aspect ratio from Ra = | to 5, but that the degree of ordering is
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Figure 5.4 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 ecase 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 casily image individual ~5 nm particles. The
AFM image resolution is in part determined by the probe tip
radius, which was specified as <10 nm 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
(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 ~20 nm (as in (b)). Smooth surfaces
allow for resolution below the size scale of the probe tip
diameter.

reduced in samples made from more rod-like NCs. In these nanorod monolayers the
minimum energy phase is likely liquid crystalline rather than the hcp structure we see for

RA =1 NCs.
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Figure 5.5 AFM images depicting the cffect of NC 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, c) packing is observed but ordering is nonexistent. This is due in part to
the lack of size monodispersity on the length of the NCs, 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 NCs used in this study are (a) 7 nm
PbSe NCs, (b) red emitting (CdSe)ZnS core-shell NCs (provided by Quantum Dot
Corporation), and (c) CdSe nanorods.

5.2.4 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 NCs effectively), but very
different vapor pressures (chloroform = 26.2 kPA, chlorobenzene = 1.6 kPa).
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%) NCs arranged into a two

dimensional sheet is a single hcp grain. A trend towards equilibrium is demonstrated in
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Figure 5.6, which depicts a series of spin-cast bilayer films that are made from the same
QD sample and the same concentrations of both NCs and TPD. The solvent used is
varied from 100% chloroform (fastest drying, Figures 5.6(a, d)) to 100% chlorobenzene
(slowest drying, Figures 5.6(c, f)). The mean NC island size is maximized for the mixed
solvent system. Small grain boundaries, however, are visible in the 8 um scan (Figure
5.6(e)) and are more clearly visible in the 2 pm scan (Figure 5.6(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 pm’.
Cracking between the large area islands is likely due to the solvent drying
process, as the optimal particle spacing for solvated NCs differs from the dry NC
spacing[”]. In Figure 5.6(d) the cracks are of nearly fixed width, suggesting that adjacent
islands were once joined together. While solvent is still surrounding the NCs during the
spin-casting process, they pack into hcp arrays with some natural period corresponding to
the spacing of solvent rich NCs. At this stage, the surface coverage is probably very
close to 100%, and the NCs have some freedom to minimize their surface free energy.
As the solvent continually evaporates, the NC spacing decreases, and the NCs in a given
grain pack closer together. At some point the continuous NC 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 NCs to
their neighbors are weakest at this point of the film. The result is the large scale cracking
morphology that we observe in Figure 5.6(d), with the perimeters of adjacent islands

tracking each other almost perfectly.
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Figure 5.6 Effect of solvent on grain size and structure: AFM height images of NC 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) cach island is a
single grain of colloidal crystal (sizes exceeding 1 um?®), 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 NCs that make up the hcp
grains, as well as spatial Fourier transform images showing the hexagonal periodicity of the NC
self-assembled monolayers. The NCs in this figure arc 6.5 nm diameter PbSe cores, prepared as
described in Chapter 2, section 2.2.4.

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 nm, 8.1 nm,
and 8.3 nm were observed, respectively for chloroform, mixed, and chlorobenzene

solutions). The tendency for slower drying solvents to yield larger cracks could be due to
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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.
5.2.5 Observation of Two Dimensional Crystal Defects

The creation of large area two dimensional super-lattices of NCs 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 5.7 highlights crystal defecté found in a NC self-assembled grain on an
organic underlayer. Vacancies are manifested as dark spots in the AFM image of the hcp
array (Figure 5.7(a)). Interstitial defects are imaged as a rare high spot in the AFM height

scan, roughly one NC diameter higher than the remainder of the periodic pattern. Line
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Figure 5.7 Crystal defects in two-dimensional NC colloidal crystals: AFM images
of (a) a single NC 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 NCs 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 NCs in this figure are 5.5 nm diameter PbSe cores, synthesized as described in
Chapter 2, section 2.2.4.

defects, where two rows of NCs merge and become one row, are frequently observed
(Figure 5.7(a)). Finally, the fine structure of the grain boundary itself is observable
(Figure 5.7(b)). It is simultaneously possible to measure the grain angle deviation of two

grains joining, and to identify the location of each NC that makes up the boundary.
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5.2.6 Role of Organic Underlayer
Drying-mediated phase separation and self-assembly processes have recently

received much attention in the literature,l”"'®'”

though a detailed mechanism for the
specific cases presented in this study are as yet unproven. During spin-casting, the
organic/NC 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) early 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 NCs, and the higher
contact area with a flat surface which they can achieve. The size of the NC 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; Neat NC solutions spun onto aromatic organic surfaces form monolayer
films with hcp structure, while NC 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 NCs 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 NCs are mobile on the organic underlayer

[14.21]

surface, and self-assemble into hcp arrays as they seek their equilibrium
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22231 and cluster

conformation, coarsening via a combination of Ostwald ripening
diffusion,” depending on the stage of coarsening and the initial NC concentration.
5.2.7 Experimental Details

A known quantity of the organic material is weighed out dry, solvated in the
chosen solvent, and stirred until completely dissolved (typically 15-30 minutes). Some
quantity of NC solution is then added, to yield both the desired organic to NC ratio, as
well as overall concentration of solution. For example, in the bilayers used in Figure
5.4(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 NC sample solid
dissolved in chloroform. For simplicity and reproducibility all of the NCs 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 NC 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 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.

The NC growth solution is purified by solvent precipitation twice before spin
casting. A typical procedure is to a) crash the NCs out of growth solution using an

incompatible solvent b) centrifuge c) pour off supernatent d) rinse with incompatible
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solvent e) redisperse in compatible solvent f) crash out with incompatible solvent g)
centrifuge h) decant supernatent i) rinse with incompatible solvent j) decant k) redisolve
in compatible solvent 1) filter m) pull vacuum on solution until completely dry n)
redisperse in spin casting solvent to make stock solution.

The atomic force micrographs were taken using a Veeco Metrology Dimension

3000 stage with a Nanoscope 3A controller.

5.3 Near Infrared Emitting QD-LEDs"

5.3.1 Introduction and Motivation

Large area (mm’ in size) infrared electroluminescent devices were made using
colloidally grown PbSe nanocrystals (NCs) or quantum dots (QDs) in organic host
materials. By changing the NC size the electroluminescence was tuned from A = 1.33 to
1.56 pm with a full width at half maximum of <160 nm (< 0.11 eV). This represents only
a portion of the accessible NC 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 um
and 2.6 nm diameter NCs) to 0.56 eV (A = 2.2 um, 9.5 nm diameter) (see Chapter 2,
section 2.2.2). Our light emitting device fabrication combines the thin film processing
techniques available to organic materials with the tunable optical properties of PbSe NCs.
Formation of double heterojunction devices is enabled by material phase separation
during the spin-coating step. Such large area emitters in the near infrared have been
identified as technologically useful for chemical spectroscopy and sensing, night vision

applications, and could be incorporated into on-chip optoelectronic integrated circuits.

* Much of this section appeared in print (J. S. Steckel et al, Adv. Mater. 2003, 15, 1862)
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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 = [um, even when inorganic complexes are

used as the emitter in doped organic structures® "\

In this work we generate NIR
electroluminescence (EL) by using inorganic PbSe nanocrystals in solution processible
organic structures. Although our 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 photoluminescence (PL) efficiencies of the starting materials
and previous studies!"'") of efficient CdSe QD-LEDs (see Chapter 1).
5.3.2 Device Fabrication

Device fabrication uses NCs processed air-free and dispersed in anhydrous
chloroform in a nitrogen environment (<10 ppm O, and H-O). The NC solution is added
to a chloroform solution of a hole transporting organic semiconductor, N,N’-diphenyl-
N,N’-bis(3-methylphenyl)-(1,1°-biphenyl)-4,4’-diamine ~ (TPD)  or  4,4-bis[N-(1-
naphthyl)-N-phenylamino]biphenyl (a-NPD), and is spin cast onto a clean ITO coated

glass substrate. The NCs phase separate into a monolayer (or sub-monolayer) on the
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surface of the organic film as described in detail in section 5.2 of this chapter. The
substrate is then transported into a thermal evaporator without exposure to air where the
electron transporting layers (ETL), tris-(8 hydroxyquinoline)aluminum (Algs) and/or
bathocuproine (BCP), are deposited at <5x10° torr. Finally the metal cathode (50 nm
thick Mg:Ag, 50:1 by weight, 50 nm Ag cap) is thermally evaporated through a shadow
mask to define 1 mm diameter devices. The assembled device structure is shown in the
inset of Figure 5.8(a). High device yields and consistent LED performance are standard
for devices fabricated in this manner.

Deposition of the hole transport layer (HTL) and the NC monolayer relies on
phase separation during spin casting. The narrow size distribution of the PbSe NCs
yields hexagonally packed layers with domain sizes on the order of 10,000 nm? (~300
NCs per domain). From an atomic force microscopy (AFM) image, identical to those
shown in Figure 5.6(a) and 5.6(d), we measured an average NC center-to-center distance
of 6.5 + 0.5 nm. For this NC sample, which has a lowest energy peak absorption at A =
1.4 pm, TEM measurements of drop cast films showed a core diameter of 4.7 + 0.4 nm.
Since the calculated length of fully extended oleic acid is 1.8 nm, the 1.8 £ 0.6 nm
spacing between NCs (edge to edge) is consistent with the interpenetration of oleic acid
capping molecules on neighboring NCs.

5.3.3 Device Characterization

The NIR EL spectrum of QD-LEDs closely resembles the PL spectrum of the
corresponding NC solution as expected. The tunability of QD-LED emission as a
function of the NC diameter is shown in Figure 5.8(a), with EL spectral peaks at A = 1.33

um, 1.42 pm, 1.50 pm, and 1.56 um. The spectral FWHM of all four devices is <160 nm
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Figure 5.8 (a) Normalized electroluminescence spectra of a scries of
QD-LEDs tuned through the near infrared (emission peaks at A = 1.33
um, 1.42 pm, 1.50 pm, and 1.56 um). The spectrum of the device
emitting at 1.56 pm is asymmetric due to the quantum efficiency of the
cooled InGaAs detector dropping from 90% to below 10% for 1.58 um
<X < 1.62 pm. The inset shows the gencral QD-LED device structure;
(b) External quantum efficiency and current-voltage plots for a PbSe
QD-LED. The peak external quantum efficiency of 0.001% is obtained
at 37 mA/cm® and 13.3 V. The current-voltage characteristics are
compared to a control device which is identical in structure except that
the NC monolayer is omitted. This comparison cxemplifies the
increasc in operating voltage that is typical of QD-LEDs.

(<0.11 eV). The devices also have an emission peak at A = 530 nm (not shown) due to

exciton recombination within the Alqs ETL (or A = 405 nm corresponding to TPD EL
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when BCP is used as the ETL). We note that the InGaAs photodiode array used to record
all of these spectra has low detection efficiency for A >1.6 um, modifying the apparent
shape of the A = 1.56 um emission peak.

The electrical characteristics of all the QD-LEDs of this study are similar, with a
typical performance shown in Figure 5.8(b). The current density (J) versus voltage (V)
plot shows a linear dependence for V<3 V, and power law dependence, J «V’, when light
is emitted. This is consistent with the properties of an Alqs/TPD device, though the
operating voltage is higher, possibly due to NC charge trapping, realignment of interface
dipoles, or charge screening by NCs. The PbSe QD-LED NIR external quantum
efficiency (7s1) is measured to be 0.001 %, using a Silicon wafer to filter out visible
emission from organic EL. The visible emission originates from Alqs and TPD (when
BCP is used as the ETL) and has an external EL quantum efficiency of 0.1-0.3 %. These
QD-LEDs demonstrate the feasibility of generating controllably tunable A >1.3 pm EL in
a large area device, and provide a starting point in the creation of higher efficiency
devices. Based on the absorption spectra shown in Figure 2.4 (in Chapter 2), we
conclude that this device platform could be used to generate devices emitting in the
spectral range of 1.2 pm < A < 2.2 pm (measurement of our EL spectra are limited to A <
1.6 um due to the detector cut-off).

PbSe QD-LEDs were also fabricated directly on a Si substrate instead of glass.
This eliminated the need to use a Silicon wafer to filter out the visible emission from the
organic EL as the substrate itself became the filter. Later studies using PbSe NCs with
tighter size distributions (see Chapter 2, section 2.2.4) gave NIR emitting QD-LEDs with

a 2-3 fold increase in external quantum efficiency and no visible light emission was seen
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with our eyes from the organic EL. Tt is also worth mentioning that NIR emitting QD-
LEDs made from NCs spun out of neat chloroform showed lower external quantum
efficiencies (50 % less) compared to devices made by spinning the NC films out of
chloroform doped with 20 % chlorobenzene. This is most likely due to the
chlorobenzene, which has a lower vapor pressure than chloroform, providing more time
during NC monolayer formation for the NCs to order into larger close packed grains (see
section 5.2.4).

The low np of our devices is the result of the lowered quantum efficiency of
films of close packed NCs and a device design that is optimized for visible emisison.
While PbSe NCs have been shown to be very efficient NIR emitters in solution, the
npr 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 NCs in thin film form, as well as exciton energy
transfer within the NC film, both of which have been shown to reduce rpp in
semiconductor NC solids. Extrapolating from other NC material systems, it is reasonable
to assume that the development of a core-shell PbSe NC would result in higher solid state
npL. 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 paper, the optical mode overlap with the emissive NC layer is poor. Designs using
a transparent highly conductive cathode would allow optimization of the distance
between the metal and the emissive NC monolayer without incurring an increase in the

[27,28]

operating voltage 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 um.
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Previous work has suggested that Forster energy transfer and direct charge
injection are both potential mechanisms for NC excitation within QD-LEDs."") We find
that radiative excitation of the NCs by green Alq; EL (spectral peak at A = 530 nm) is a
negligible source of NC NIR emission based on the following experiment: A A = 532 nm
laser was used to excite a 1 mm spot on the device substrate, and its infrared emission
monitored using a Germanium detector with a 500 um thick Silicon wafer filter. The
laser power was adjusted using neutral density filters to match the green optical power
emitted by our device at its maximum brightness operating point, 10 pW. No optical
signal was detected, allowing us to conclude that the Si filter effectively eliminates all
trace of the Alq; emission from our EL device, and that the radiative excitation of the
NCs from this Algs emission is not sufficient to account for the measured NIR signal.

Exciton energy transfer should be possible for excitons created in the organic
layer close to NCs 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 NC
core by several orders of magnitude relative to a NC capped with a shorter chain capping
molecule®”. For both mechanisms, however, shorter chain capping groups would serve
to increase the likelihood of NC excitation. If we assume a Forster energy transfer
process, the energy of the transferred exciton from Algs molecules to NCs would initially
be 2.4 eV (corresponding to the excited state of Alqs). The generated NC exciton would
then loose ~1.6 eV before occupying the lowest energy state from which NC emission

originates. Since PbSe NC 7p. is constant over a wide range of excitation wavelengths,
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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 these 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””. 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 Alqs (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
I 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”'l. 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
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is in the A= 1.1 um to 1.7 um 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 | 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°CP*%. 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 #gr. This analysis shows that the
detected power is therefore not a result of either blackbody radiation or visible organic

EL, and 1s in fact due to the band edge emission from the PbSe NCs.

5.4 Blue Emitting QD-LEDs"

(CdS)ZnS core-shell NCs were isolated from growth solution by precipitating
them out of solution twice with a miscible non-solvent (butanol and methanol),
redispersing in chloroform, and filtered through a 0.2 pm syringe filter before use in
device fabrication. QD-LED fabrication consisted of first dissolving 5 mg of 4,4'-N,N'-
dicarbazolyl-biphenyl (CBP) (hole transport layer (HTL)) in 400 pL of chloroform and
then adding 100 puL of the (CdS)ZnS NC solution. Under air-free conditions this mixture
was then spin cast (3000 rpm for 60 seconds) onto an indium tin oxide (ITO) coated glass
substrate to create the 40 nm thick HTL with a densely packed monolayer of NCs on top
of it via phase separation. The substrate was then transported into the thermal evaporator

without exposure to air, where the hole blocking layer (HBL), 3-(4-biphenyllyl)-4-

* Much of this section has appeared in print (J. S. Steckel et al, Angew. Chem. Ed. Int. 2004, 43, 2154)
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Figure 5.9 The EL spectra, at two different
current densities, of (CdS)ZnS core-shell
nanocrystals embedded in a QD-LED. The
layered device structure consists of ITO / CBP
/ (CdS)ZnS NC monolayer / TAZ / Alg, /
Mg:Ag / Ag and exhibits an external quantum
efficiency of 0.1 %. The inset shows a cross-
section of the device.

phenyl-5-t-butylphenyl-1,2,4-triazole (TAZ) (15 nm thick), and then the electron
transporting layer (ETL), tris-(8 hydroxyquinoline)aluminum (Algqs) (25 nm thick), were
deposited. Finally the metal cathode (50 nm thick Mg:Ag, 50:1 by weight, 50 nm Ag
cap) was thermally evaporated through a shadow mask to define Tmm diameter devices

(see the inset in Figure 5.9 for a diagram of the assembled device structure).

181



g
%)
S 0.104
5008 o
w 0.06 1 g 0.01- / i
£ < 1831 AR
= 0.04 - Z 1E4- Fl
% é 1E-5 4 ; ]
3 /1l
© § 1E-7 A = |
T 0.02- = 7 1
";"‘: 169 {g" "ma ta® '.-1-,""‘7-'7"‘? . _
L 0.1 1 A
Voltage [V]
0.01 , . | |
1E-4 1E-3 0.01 0.1

Current Density [A/cmz]

Figure 5.10 External quantum efficiency versus current density plot for
the device: ITO/ CBP/(CdS)ZnS QD monolayer / TAZ / Alq, / Mg:Ag/
Ag. The inset shows the I-V curve with two dotted lines indicating the
two different current densities (ImA/cm? at 14V and 60mA/cm’ at 21V)
to which the EL spectra in the inset of figure 5.9 correspond.

Figure 5.9 shows two electroluminescence (EL) spectra of a working (CdS)ZnS
core-shell NC QD-LED. At low currents (circles, 1 mA/cm’ at 14 V) the FWHM of the
QD-LED spectral peak is 30 nm centered at 468 nm, while at higher currents (solid line,
60 mA/cm” at 21 V) the EL from organic layers begins to dominate (seen as the shoulders
in the UV and the green regions of the spectrum). Organic and NC luminescence occur
simultaneously in the working device and as more current is applied, the ratio of NC to
organic emission changes. At high currents, excitons are created deeper in the organic
transport layers, which causes the width of the exciton generation region to exceed the
organic-NC Forster energy transfer radius, resulting in an increased contribution of

organic luminescence to the EL spectrum!''! (see Chapter 1). These preliminary results
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demonstrated the potential of (CdS)ZnS core-shell nanocrystals as blue emitters for
display applications, but further optimization of the device and the materials was
required, as can be seen in Chapter 6, to obtain saturated blue EL.

Figure 5.10 shows the plot of external quantum efficiency (EQE) versus current
density as well as the I-V characteristics in the inset. The EQE of these devices was just

over 0.1 %.

5.5 Red Emitting QD-LEDs"

Figure 5.11 demonstrates the highest external quantum efficieny (>2%) QD-LED
created to date. The NCs used to create this device were made by Quantum Dot
Corporation. They were received in their growth solution and were precipitated out of
solution three times before being used to make a QD-LED. The NCs were flocculated
using isopropanol and m'e.thanol and after centrifuging were resuspended in hexane.
After the NCs were dispersed in hexane for the first time after being precipitated our of
growth solution, the hexane/NC solution was centrifuged to isolate a large quantity of
white salt present in the solution. The supernatant, which contained the NCs suspended
in hexane, was kept and the chunk of white salt was disposed of. The NCs were then
precipitated out of solution another two times, dispersed in chloroform for device
fabrication, and filtered using a 0.2 um syringe filter. The (CdSe)ZnS core-shell NCs had
a peak absorption at 602 nm and a peak emission at 610nm with a FWHM of 21 nm. The
solution PL quantum efficiency was measured to be 68 % after three precipitations

(crashouts).

" Much of this section has appeared in print (S. Coe-Sullivan ez al, Adv. Funct. Mater. 2005, 15, 1117)
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Figure 5.11 Structure and performance of a red emitting QD-LED
fabricated using the phase separation during spin-casting method.
a) Current-Voltage characteristic of the device; a, inset) Cross-
section of the QD-LED, and a photo of the operating 1 mm
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 615 nm, and FWHM of 27 nm. The NCs
used to make this device were (CdSe)ZnS core-shell NCs provided
by Quantum Dot Corporation.



These devices were made by dissolving the NCs and the hole transporting organic
semiconductor, N,N’-diphenyl-N,N’-bis(3-methylphenyl)-(1,1’-biphenyl)-4,4’-diamine
(TPD) in chloroform, which is spin cast onto a clean ITO coated glass substrate. The
NCs phase separate into a monolayer (or sub-monolayer) on the surface of the organic
film as described in detail in section 5.2 of this chapter (Figure 5.5(b) shows a zoomed in
AFM 1image of a phase separated film of these NCs, which have an aspect ratio of 5:2).
The NC coverage on the surface of the TPD in these devices was ~50 %. The substrate is
then transported into the thermal evaporator without exposure to air where the hole
blocking layer (HBL), 3-(4-biphenyllyl)-4-phenyl-5-t-butylphenyl-1,2,4-triazole (TAZ),
and then the electron transporting layer (ETL), tris-(8 hydroxyquinoline)aluminum (Alqs)
are deposited at <5x10° torr. Finally the metal cathode (50 nm thick Mg:Ag, 50:1 by
weight, 50 nm Ag cap) is thermally evaporated through a shadow mask to define | mm
diameter devices as shown in the upper right inset in Figure 5.11. The layered device
structure is shown in the lower left inset in Figure 5.11(a). The electroluminescence (EL)
spectrum, shown in the inset in Figure 5.11(b) demonstrates that the emission is
dominated by NC band edge emission. The external quantum efficiency is in excess of 2
%, > 1 Im/W, with a maximum brightness of over 7,000 cd/m?.

QD-LED electroluminescence spectra were acquired with a Ocean Optics
USB2000 Miniature Fiber Optic Spectrometer, while the QD-LED was turned on using a
Tektronix 577 curve tracer. The current-voltage measurements and external quantum
efficiency measurements were performed with a Hewlett Packard 4145B Semiconductor

Parameter Analyzer and a Newport silicon photodiode (Model 818-UV) interfaced using

LabView.
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5.6 Conclusions

The fabrication of NC / organic bilayers via phase separation during spin-casting
is a robust and general process. It has been shown to be a useful technique for the
creation of new optoelectronic device structures, enabling the creation of high efficiency
QD-LEDs. Large area NIR EL from PbSe QD-LEDs has been demonstrated. The LED
emission is tuned from A = 1.32 to 1.56 pm as the PbSe NC diameter is changed from 4 to
5 nm, without any modification to the device structure. Blue EL from (CdS)ZnS core-
shell NCs as well as the highest efficiency QD-LED to date with red EL from (CdSe)ZnS
core-shell NCs is demonstrated, all of which were enabled by use of phase separation
during spin-casting. In addition to the creation of single monolayers of NCs on top of
organic 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 macroscale devices from nanoscale

materials, is an essential step to transitioning nanoscience into nanotechnology.
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Chapter 6

QD-LEDs Made Using Micro-Contact Printing

6.1 Introduction and Motivation

Colloidal NC lumophores are well suited for use in electroluminescent displays,
with their saturated color emission, high photoluminescence efficiency and continuously

(') Since multilayer NC solids have poor electrical transport

tunable emission spectra
properties 1n solid state devices, single monolayers of NCs are used 1n active devices so
as to utilize their beneficial light emission properties while minimizing their impact on
electrical performance®’ (see Chapter 1). Large area (several cm’ in size) NC
monolayers can be self assembled out of solution, either by spin-casting"”!, Langmuir-
Blodgett techniques™, or drop-casting®®’. The use of Langmuir-Blodgett techniques and
drop-casting for the creation of the active NC monolayer in QD-LEDs requires the device
to be designed around the deposition technique, leading to non-ideal structures and
inferior performance. Although the technique of phase separation during spin-casting, as
discussed in Chapter S5, has provided the most efficient QD-LEDs to date via the
formation of NC monolayers on top of an organic thin film, it is far from ideal for all
experiments and device applications. Phase separation requires the co-deposition of the
organic thin film with the NC monolayer, something which is not always desirable.
Additionally, the organic underlayer must be homogeneous over the entire substrate, a

constraint which limits the number of device designs which can be accessed. Also, only

organic materials that are highly soluble can be used. While this is not necessarily a
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limitation in the long term, currently the majority of organic small molecular
semiconductors which have been studied are optimized for vapor phase deposition, not
solubility. Finally, phase separation successfully assembles NC monolayers over entire
surfaces, but does not allow the lateral patterning of red, green, and blue NC monolayers
adjacent to each other, something which is clearly desirable for the fabrication of a full
color QD-LED display.

Thus a fabrication process that would allow for in plane patterning of NC
monolayers is desirable, provided that it not place additional constraints on the materials
or device designs that it can be used with. The ideal NC monolayer deposition technique
for QD-LED fabrication would involve the dry (solvent free) application of an already
patterned NC film to any substrate, removing all solubility and surface chemistry
requirements on the substrate which are typical and to some extent assumed within the
field. To satisfy this need, we have extended the method of micro-contact printing to NC
monolayer deposition. This is a key milestone towards the development of pixelated QD-
LEDs such as needed for flat panel display applications.

In this work we demonstrate that with the micro-contact printing method®” we
can deposit a patterned as well as a non-patterned, solvent-free NC monolayer to create

[7-11 a5 well, but

QD-LEDs. Some initial work has been done on patterning of NC layers
has not been integrated into a device fabrication procedure. Using mirco-contact printing
we show for the first time the fabrication of saturated color red, green, and blue QD-

LEDs, multiple QD-LEDs of different colors on a single substrate, and the patterning of

QD-LED pixels on the micron scale (<100pm).
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The critical step in the presented printing process is functionalizing the surface of
the elastomer stamp by coating it with a thin film that is both a barrier to stamp swelling
by the ink solvent (NCs in chloroform), and an adhesion/release layer for the NC
monolayer. Chemical vapor deposited, aromatic organic polymers are a natural choice,
resulting in a conformal coating of the shaped stamp and a chemical surface which is
compatible with spreading of the chloroform-solvated inks. The stamp is inked via spin-
casting with a NC solution and after the ink solvent evaporates the formed monolayer is
transferred onto the substrate by contact printing. This work represents the first use of
micro-contact printing of NCs in the creation of electroluminescent devices, a critical

step towards the realization of pixelated, full color QD-LED displays.

6.2 Nanocrystal Micro-Contact Printing Process

Figure 6.1 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 are then mixed, degassed, poured onto the master, and
degassed again, and allowed to cure at room temperature (or above room temperature, for
taster cure times) (Figure 6.1, 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 0.1-2um thick, depending on
the pattern to be reproduced (Figure 6.1, step 2). This stamp is then inked through a
simple spin-casting of neat NCs in a solution of chloroform (concentration 1-10mg/mL

depending on desired outcome) (Figure 6.1, step 3). The inked stamp can then be
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Figure 6.1 A flow chart outlining the basic steps in the fabrication of QD-
LEDs using micro-contact printing of NCs. First, a silicon master is 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 neat NCs in a solution of chloroform (step 3) (detailed in
Figure 6.2 (a) and (b)). The inked stamp is then inverted onto the ITO coated
glass substrate (step A), which has alrecady had hole tranport and/or hole
injection organic semiconductor layers thermally evaporated on top of it (step
B). The ink (NCs) is transferred completely to the new substrate (step 4)
(detailed in Figure 6.2 (c)) and the rest of the device (electron transport layer,
electron injection layer, metal contacts) is then grown on top of the NCs (step
5).

inverted onto a substrate, and with gentle pressure applied for 30 seconds, the ink will

transfer completely to the new substrate (Figure 6.1, step 4). Figure 6.2 shows in detail
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step 3 and 4 of the process. Figure 6.1 (a,b) depicts an ITO coated glass substrate, which
has already had hole tranport and/or hole injection organic semiconductor layers (HTL
and HIL respectively) thermally evaporated on top of it. The patterned NC 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 NCs
(Figure 6.1, step 5).

NC Solution

s INCS
a) > P O close packed NCs

= < O]
1 — 2 < 3 (OO _Solvent—0O 1 4
/ E j_ Stamp Stamp

NC Solution
b) > %’% Close Packed NCs
1 /‘_ — 2 3 O e ;\’ 4-.....-“.-.“
~~~~~~~~ Stamp Stamp
Pressure applied
@ 6uslngtmmb
Inked Stamp Stamp Pm:gc
€000 G000 G000 €900 0000 @ e o o
@ @@ e o
c) S
ITO
Glass

Figure 6.2 Detailed flow diagram of steps 3 and 4 shown in Figure 6.1. Whether the stamp is
planar (a) or patterned (b), the solution of NCs is dropped onto the stamp (1) and the stamp is set
spinning (2) (3000 rpm for 60 seconds). During the solvent drying time, the NCs begin to order
(3) and self-assemble into grains of hexagonally close packed spheres (4) on the surface of the
stamp. In (c) the stamping process used to fabricate QD-LEDs is shown in detail, where a
patterned stamp, for example, after being inked, is inverted onto the hole transporting/hole
injecting layer and slight pressure with the thumb is applied for roughly a minute. The stamp is
carefully removed and a monolayer of patterned NCs is left behind.

Figure 6.3 demonstrates the surface relief that is observable through atomic force

microscopy (AFM) after the stamping process. Figure 6.3(a) shows the result of using
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PbSe NCs with a patterned stamp (Figure 6.2 (b)). The master is created using
interference lithography, yielding a two dimensional array of 150 nm features on a 300
nm period in both dimensions. This pattern is then replicated on the stamp, and finally on
the NC layer transferred onto silicon. In the case of Figure 6.3 (b), (CdS)CdsZn, S core-
shell NCs are deposited using a planar stamp (Figure 6.2 (a)) with submonolayer NC
coverage, onto a TPD surface. The total peak to peak height in the corresponding AFM
height image is less than 10 nm, indicating that the deposition is indeed only one
monolayer high. Monolayers with film area coverages of greater than 90% are achieved
by increasing the concentration of NCs in the original chloroform solution that is used to
ink the stamp as shown in Figure 6.3 (c), where (CdyZn,<Se)CdyZn,.,S core-shell NCs
were stamped onto a thermally evaporated thin film of CBP (4-4’-N,N’-dicarbazolyl-

biphenyl).

(@) 150 nm FEATURES

Figure 6.3 Atomic force microscopy (AFM) images of the surface relief that is observable after
the completion of step 4 in Figure 6.1. a) Shows a partial PbSe NC monolayer resulting from
transfer onto a Silicon surface using a patterned (150 nm circular features on a square grid)
stamp. b) Shows a partial (CdS)Cd\Zn,.S core-shell NC monolayer after transfer onto an
organic semiconductor surface, using a planar (not patterned) stamp. ¢) Shows a monolayer of
(Cd«ZnxSe)CdyZn,.,S core-shell NCs stamped (using a planar stamp) onto an organic
surface with almost 100% film coverage.
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6.3 Micro-Contact Printing of QD-LEDs

6.3.1 Red, Green, and Blue Emitting QD-LEDs

The three NC materials used to make saturated in color red, green, and blue QD-
LEDs with peak emission wavelengths optimized for full color QD-LED displays were
(CdSe)ZnS core-shell NCs from Quantum Dot Corporation (these NCs are discussed in
Chapter 5, section 5.5), (Cd«Zn;.«Se)CdyZn;.yS core-shell NCs (described in Chapter 4),
and (CdS)Cd«Zn; S core-shell NCs (described in Chapter 3, section 3.3), respectively.
Before being used in device fabrication, the NC materials were isolated by precipitating
them out of solution twice with a miscible non-solvent and then filtered through a 0.2 pm
syringe filter. Red, green, and blue emitting QD-LEDs were made by first thermally
evaporating 35 nm of 4,4'-N,N'-dicarbazolyl-biphenyl (CBP) (hole transport layer (HTL))
onto an indium tin oxide (ITO) coated glass substrate at < 5x10° torr. The NC
monolayer, under air-free conditions, was then micro-contact printed onto the organic
thin film of CBP using planar stamps (surface coverages for all three materials were
roughly 80-95 %). The substrate was then transported back into the thermal evaporator
without exposure to air, where the hole blocking layer (HBL), 3-(4-biphenyllyl)-4-
phenyl-5-z-butylphenyl-1,2,4-triazole (TAZ) (20 nm thick), and then the electron
transporting layer (ETL), tris-(8 hydroxyquinoline)aluminum (Algqs) (15 nm thick), were
deposited. Finally the metal cathode (50 nm thick Mg:Ag, 50:1 by weight, 50 nm Ag
cap) was thermally evaporated through a shadow mask to define 1mm diameter devices
(see the inset in Figure 6.5(b) for a diagram of the assembled device structure).

The ability to now separate the deposition of the organic HTL/hole injection layer

(HIL) from that of our NC monolayers allowed us to explore the use of other molecules
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for the HTL/HIL and as a result led us to the wide band gap organic semiconductor, CBP.
Our previous work (Chapter 5) on QD-LEDs mainly 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. The wide band gap of CBP contributed to more efficient charge confinement
and an improvement in color saturation of the QD-LEDs, yielding Commission
International d’Eclairage (CIE) coordinates (0.18, 0.13), (0.21, 0.70), and (0.66, 0.34) for
the blue, green, and red QD-LEDs, respectively (Figure 6.4(b)).

Color saturation refers to how pure a color appears to the human eye and is
quantified in the CIE chromaticity diagram by calculating color coordinates based on the
emission wavelength and bandwidth (full width at half maximum). For a gaussian
emission spectrum with a full width at half maximum (FWHM) of 30 nm and a
maximized perceived power, the optimal peak wavelength for display applications is A =
610-620 nm for red, A = 525-530 nm for green, and A = 460-470 nm for blue. For the red
pixels, wavelengths longer than A = 620 nm become difficult for the human eye to
perceive, while those shorter than A = 610 nm have coordinates that lie inside the
standard NTSC/HDTYV color triangle. Similar optimization applies for the blue pixels.
Green pixels at A = 525-530 nm provide a red, green, and blue color triangle with the
largest area on the CIE chromaticity diagram (and therefore the largest number of colors
accessible by a display), but wavelengths longer than A = 530 nm start to cause the
overall triangle made up by the red, green, and blue pixels to cut out some of the
blue/green area of the triangle. Wavelengths shorter than A = 525 nm compromise the

yellow display emissions.
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Figure 6.4 Red, green, and blue QD-LED device luminescence
characteristics. The red, green, and blue electroluminescence spectra are
shown in (a) (the line color of each spectrum corresponds to the color that
each device is emitting) with photographs of the working red, green, and
blue QD-LED devices shown in the inset. The red device has a peak
wavelength of emission at A = 616 nm with a FWHM = 24 nm, green A =
527 nm with a FWHM = 35 nm, and the blue device has peak emission at
A =467 nm with a FWHM = 27 nm. The red, green, and blue spectra
were transformed into their corresponding CIE color coordinates and
plotted on the CIE chromaticity diagram along with the HDTV color
coordinates for comparison (b).
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The red, green, and blue electroluminescence (EL) peaks of the QD-LEDs are
shown in Figure 6.4(a) along with actual photographs of the working red, green, and blue
devices. The red EL spectrum has a peak wavelength of A = 616 nm with a FWHM = 24
nm, green A = 527 nm with a FWHM = 35 nm, and the blue device has peak emission at
A = 467 nm with a FWHM = 27 nm. Greater color saturation in these hybrid
organic/inorganic QD-LEDs is defined by a decrease in the intensity of organic emission
and an increase in intensity of NC emission, leading to a larger ratio between NC EL and
organic EL. This could be attributed to the larger downhill energy transfer process now
available with the use of CBP"®' but could also be due to the higher
photoluminescénce (PL) quantum efficiencies of the NCs themselves. The superior color
saturation of our red and green QD-LEDs is seen clearly by their position on the CIE
chromaticity diagram relative to the current High Definition Television (HDTV) standard
color triangle shown in Figure 6.4(b).

The blue QD-LED CIE color coordinates lie just 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
(exiplex 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 exiplex emission is not seen in the red QD-LED device most
likely because those energy states from the exiplex are Forster energy transferred to the
red emitting NCs. The green QD-LED exhibits only a very small amount of this exiplex
emission probably due to the excellent film coverage of the monolayer of green emitting

NCs, which separates the HTL from the HBL and therefore their interaction, as well as
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the high PL quantum efficiency (40%) of the NCs themselves, which contributes to the
large NC EL intensity relative to the organic exiplex EL. Another contributing factor is
that when the devices are run at high currents (~100 uA) the exiplex emission peak shifts
from ~620 nm to ~ 520 nm, which is right over the green emitting (CdZn,.Se)Cd,Zn,_,S
core-shell NC emission peak and is either covered completely by the green NC emission
or is Forster energy transferred to the green emitting NCs. The blue QD-LED devices
should improve as the blue emitting NC PL quantum efficiency increases (currently 20%)
and more optimized films of NCs are deposited.

The small peak in the green and blue EL spectra at A = 380 nm is CBP emission,
which for the green is only 2.6 % of the total emission from the device, while in the blue
device it is a little more substantial. It appears that the amount of CBP EL relative to NC
EL scales with the efficiency of the NCs in this case. Because the CBP peak lies to blue
side (shorter wavelength emission than the NC EL) of the blue NC peak it does not
influence the blue color saturation and in the green case, because the intensity of the CBP
EL is so miniscule, its influence on color saturation is negligible. The QD-LED color
triangle shown in Figure 6.4(b) demonstrates how using these saturated red, green, and
blue QD-LEDs for a full color display would provide a significantly larger color triangle,
which translates into a display with many more attainable colors as well as more
saturated colors than an HDTV display can show. This large color gamut of QD-LEDs
exceeds the performance of both LCD and organic LED (OLED) technologies,
suggesting future use of QD-LEDs in high definition, accurate color flat panel displays

and in general light sources.
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Figure 6.5 Electrical performance data of the micro-contact printed QD-LED
devices shown in Figure 6.4. The line color in each plot corresponds to the
color of device emission. The plot of external quantum efficiency versus
current density is shown in (a) for the red, green, and blue devices with peak
efficiencies of 1.2 %, 0.5 %, and 0.2 % respectively. (b) shows the current-
voltage curves for each device and the cross-section of these QD-LEDs is
shown in the inset.



Figure 6.5(a) shows the external quantum efficiency (EQE) of the red, green, and
blue QD-LEDs and demonstrates how the EQE of the devices scales with the PL
quantum efficiency of the NCs. The red emitting QD-LED EQE is 1.2 % using
(CdSe)ZnS core-shell NCs from Quantum Dot Corporation with PL quantum efficiencies
of 70% after processing and preparing for device use (precipitated out of solution two
times), the green emitting QD-LEDs have EQEs of 0.5 % using the (CdZn, «Se)Cd,Zn,
yS core-shell NCs with PL quantum efficiencies of 40 %, and the blue EQE is 0.2 %
using (CdS)CdxZni«S core-shell NCs with PL quantum efficiencies of 20 % after being
cleaned up for device use. All three color QD-LEDs have nice reproducible, stable,
current-voltage (IV) characteristics as seen in Figure 6.5(b), with turn on voltages of 2-5
V and operating voltages of 8-12 V. Display brightness (100 cd/m) is achieved at ~2
mA/cm’ and ~10 V for these QD-LED:s.

6.3.2 Patterning of Nanocrystals, Towards QD-LED Displays

The most promising result of the NC micro-contact printing technique is the
ability to place different color emitting NCs 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 pm. Here we demonstrate 25 um (1000 dpi)
patterning of QD-LED pixels (Figure 6.6(a) and (b)), however, based on the results
shown in Figure 6.3(a), much smaller features should be possible. Figure 6.6(a) shows a
photograph of an operating 1 mm diameter QD-LED with 25 pm wide patterned lines of
red emitting NCs at a period of 50 pm. The red emitting NCs were printed using a stamp
that was patterned with lines having dimensions of 2 pm in height and 25 pum line widths

on a 50pm pitch. In Figure 6.6(b), 25um wide intersecting stripes of red and green NC

201



Figure 6.6 Digital photographs of working QD-LED devices, where the emitting NC
monolayers were patterned using micro-contact printing. (a) Photograph of an operating 1
mm diameter QD-LED with 25 pm wide patterned lines of red emitting NCs at a period of 50
pm (dark spots are most likely due to dust particles). (b) Photograph of a section of a
QD-LED with 25 pm wide intersecting patterned lines of red and green NCs at a period of 50
um. In the regions where no NCs were deposited blue organic LED emission (from TPD) is
observed.

monolayers are stamped over each other in the QD-LED structure in which a TPD (40
nm) hole transporting layer replaced CBP. Electroluminescence of red and green NCs
and blue TPD is simultaneously observed when the QD-LED is biased at 5V. A full
color QD-LED display would require the printing of red, green, and blue NC monolayer
stripes next to one another on the organic hole transport layer. The cartoon shown in
Figure 6.7 illustrates in a very generic manner, how stripes of red, green, and blue NCs
would need to be placed side by side to create a full color QD-LED display. The stamp
(generically represented in the cartoon as a rubber stamp, but could also be a roller)
would need to first be inked in some fashion (generically represented in the cartoon by

the syringe), with the red, green, and blue NCs. The stamp would then be brought into
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contact with the substrate, where the red, green, and blue stripes of dry NCs would be
transferred over to the pre-deposited organic thin film. The rest of the organic layers

would be deposited followed by a patterned cathode to complete the display.

Figure 6.7 A cartoon illustrating in a very basic manner, how stripes of red, green, and blue
NCs would be stamped side by side to create a full color QD-LED display. The syringe
represents the inking of the stamp with red, green, and blue NCs from solution. The object
that does the dry transferring of the stripes of red, green, and blue NC monolayers to the pre-
deposited organic thin film is represented by the rubber stamp. When the stripes of red,
green, and blue NCs are deposited side by side, the rest of the organic layers are layed down
followed by the patterned cathode to complete the full color display.

6.4 Conclusions

In conclusion, we demonstrate red, green, and blue emitting QD-LEDs that are
efficient and highly color saturated. The ability to deposit the NC monolayers for device
fabrication via a dry transfer process (NC micro-contact printing) enabled the use of other

organic hole transport materials and as a result an improvement in color saturation. The
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NC materials that were used to fabricate red, green, and blue QD-LED devices with peak
emission wavelengths optimized for full color QD-LED displays were (CdSe)ZnS core-
shell NCs from Quantum Dot Corporation, (CdyZn;(Se)Cd,Zn;.,S core-shell NCs, and
(CdS)Cd«Zn, S core-shell NCs, respectively. We have shown that the NC monolayers
can also be patterned towards pixilation for full color display applications when a
patterned stamp is used during the micro-contact printing process. The micro-contact
printing of NCs is inherently simpler than both inkjet printing and contact shadow
masking. It has the potential to be efficient in materials usage and to scale easily to large
area batches and continuous roll-to-roll processing. This work represents the first use of
micro-contact printing of NCs in the creation of electroluminescent devices, a critical

step towards the realization of pixelated, full color QD-LED displays.
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