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Colloidal semiconductor nanocrystals as nanoscale emissive
probes in light emitting diodes and cell biology

by

Hao Huang

ABSTRACT

This thesis employs colloidal semiconductor nanocrystals (NCs) as nanoscale emissive
probes to investigate the physics of light emitting diodes (LEDs), as well as to unveil
properties of cells that conventional imaging techniques cannot reveal. On the LED side, in
particular, Chapter 2 utilizes individual NCs to alter layered organic LED structures at
nanometer scale, resulting in spectrally resolved electroluminescence from single colloidal
CdSe/ZnS (core/shell) NCs at room temperature. Chapter 3 takes NCs as emissive probes in
layered organic LEDs, and shows that the photoluminescence of single NCs is bias dependent
which helps elucidate the interactions between NCs and organic semiconductors, knowledge
useful for designing efficient NC organic optoelectronics. Instead of using a planar LED
geometry, Chapter 4 presents a technique for making nanoscale gap LEDs which allow the
spectrally coincidental photoluminescence and electroluminescence from NCs. The work
investigates the interactions between NCs and different metal gaps, and suggests
electromigrating leads made of different metals as a promising route to fabricating nanoscale
gaps with workfunction offsets for optoelectronic devices. On the cell biology side, we
develop a three-dimensional sub-diffraction limited single fluorophore imaging method for
proteins labeled with NCs. Chapter 5 applies the method to measure the endothelial
glycocalyx thickness in vitro for the first time, by labeling different proteins with NCs of
different emission wavelengths. Taking a step further, Chapter 6 utilizes the NC based
imaging method to investigate the flow induced dynamics of endothelial glycocalyx, and
measures the shear modulus of glycocalyx.
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Chapter 1: Background on nanocrystals and their applications in

optoelectronics and biology

1.1 Introduction to nanocrystal

1.1.1 Nanocrystal 101

Nanotechnology has been a buzz word known to people all over the world. So what is it

and why is it so hot? According to Wikipedia.com, "nanotechnology refers broadly to a field

of applied science and technology whose unifying theme is the control of matter on the

atomic and molecular scale, normally 1 to 100 nanometers". Nanotechnology is in many

different fields and interfaces between each other, including physics, chemistry, biology,

electrical engineering, and mechanical engineering etc.. Because of the relatively small sizes

of the materials and devices involved, nanotechnology offers distinct material properties

which enable opportunities conventional technologies cannot access.

As promising materials for nanotechnology, semiconductor nanocrystals (NCs) are

nanometer sized semiconductor crystallites composed of hundreds to thousands of atoms. The

size of NCs can range from 1 nm to tens of nm. In general, there are two types of NCs, one

being fabricated with Stranski-Krastanov (SK) growth,1, 2 and the other being synthesized

with chemical reagents. 3" 6 SK growth takes place in ultra high vacuum (e.g. 10-8 Pa), and

produces single crystals. Defect free NCs form due to the lattice mismatch between the

substrate crystal surface and the deposited material. However, this process usually requires

very strict fabrication conditions, and the post fabrication process is very complicated. In

contrast, the chemically synthesized NCs (e.g. colloidal quantum dots (QDs), also called



"artificial atoms"), 7 can be better controlled in size and concentration independently, and

allow various post synthesis processes for various applications.

In this thesis, the NCs (e.g. QDs) of interest are all chemically synthesized, unless

otherwise specified. Although semiconductor NCs were initially studied due to their

interesting photo-physics and surface redox chemistry,8' 9 NCs have found their way into

many potential applications, including biological labeling, 10 quantum dot light emitting

devices (QD-LEDs)," solar cells, 12 and lasers. 13-'5 Why then are colloidal NCs so ubiquitous

in various applications? The answer has two major parts-one is the chemical versatility NCs

offer, and the other is the superior optical properties NCs possess.

1.1.1 Chemistry of nanocrystals

In the early 1980s, Ekimov et al. demonstrated a technique to grow NCs in a glass

dielectric matrix, which was based on the diffusion controlled phase decomposition of over

saturated solid solutions.16,17 However, NCs fabricated this way were usually hard to extract,

which limited their applications. In the meanwhile, colloidal crystalline CdS particles were

synthesized by precipitating CdS from aqueous solutions of corresponding salts in presence

of polymers. '9'18 Particles synthesized this way were usually not mono dispersed and had

poor crystallinity. Later, reversed micelles method was employed to produce colloidal CdS

NCs in situ 19-23, which improved the chemical versatility for NCs. The seminal work of

Murray et al. in 1993 demonstrated a synthesis scheme which produced mono-disperse CdX

(X=S, Se, Te) NCs with tunable sizes,3 which opened avenues for various NC applications.

The synthesis was based on the pyrolysis of organometallic materials in a solvent with

coordinating ligands. The diameters of NCs can vary from 1.2 nm to 11.5 nm with the

corresponding photoluminescence (PL) emission spectra center varied from 410 nm - 670



nm.3 The cartoon of a NC is illustrated in Figure 1.1 (a). NCs can subsequently be

precipitated out, and the transmission electron microscopy (TEM) is shown in Figure 1.1 (b).

(b)
Figure 1-1 (a) A cartoon illustration of core/shell nanocrystal with trioctylphosphine capping ligands. (b)

Transmission electron microscopy (TEM) image of a CdSe nanocrystal (no shell) with clear individual lattice

structures. 3',3



The typical set-up for synthesizing NCs is shown in Figure 1.2 while the Schlenk line part

is not shown. The general procedure for synthesizing CdSe NCs involves the next three steps:

1. The high boiling point solvent with cadmium precursors is heated up (usually less

than 150 OC) and degassed to remove excess water and oxygen. In this process, the

cadmium precursors will be changed into active cations;

2. Fill the reaction vessel with inert atmosphere, raise the temperature to a higher

temperature (e.g. 300 OC), and then inject the selenium precursors into the vessel;

3. After the initial drop of the temperature due to the injection, raise the temperature of

the solvent for NC growth (e.g. 200 OC), take aliquots out to monitor the NCs growth

by measuring the absorption or emission features. When the desired size of NCs is

reached, stop the reaction by remove the heating mantle.
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Figure 1-2 Schematic for a typical reaction setup for colloidal nanocrystal synthesis.

Synthesis based on pyrolysis of organometallics produces high quality NCs, but it

employs toxic and pyrophoric materials. In hoping to overcome some of the limitations, a lot

of efforts from different research groups have been devoted to develop new chemistry for NC

synthesis. Most notably, cadmium acetylacetonate (Cd(acac)2), Cd(OH) 2, CdO were utilized



in synthesis instead of the highly toxic dimethyl cadmium, while the resulting NCs kept high

quantum yield and size distribution.4-6 Peng and coworkers also developed "green" methods

where non-coordinating solvents (e.g. I-octadecene) are used.24 However, most of colloidal

NCs still contain highly toxic elements such as cadmium and arsenic, even though the

synthesis scheme is more benign. In order to use NCs in commercially viable applications,

researchers are now trying to develop new non-toxic NCs.

To maintain the optical properties of NCs (e.g. high quantum yield), sometimes an

additional inorganic layer is epitaxially grown to cover the cores which results in an

core/shell structure as illustrated in Figure 1(a). For CdSe cores, the typical shell is ZnS

which has a much higher band gap than CdSe. However, because of the large lattice

mismatch between CdSe and ZnS, Talapin et al introduced an intermediate shell (e.g. ZnSe

or CdS) which has less lattice mismatch.25 These core-shell-shell NCs (e.g. CdSe/ZnSe/ZnS)

exhibit high photoluminescence efficiency and photostability better than typical CdSe/ZnS

NCs.

As shown in Figure 1 (a) NCs are not pure inorganic materials, because the surface of NCs

is usually coated with ligands which play a key role in various applications involved with

NCs. The surface ligands are important in the following ways:

1, they passivate the surface of NCs so as to retain the high quantum yield of NCs;

2, they keep NCs from aggregation, and can be replaced with other ligands so that NCs

can be soluble in various solutions;

3, they can be modified chemically so that different functionalities can be added to the

surface of NCs, which allow NCs to target different biological objects. In chapter 5 and 6, I

take advantage of point 3, and demonstrate a single flurophore imaging of proteins labeled

with single NCs which reveal the in vitro thickness and mechanical properties of glycocalyx

on endothelial cells.



1.1.2 Physics of nanocrystals

While the versatility of NC chemistry is critical for many applications, the fundamental

reason why NCs are so popular in many research fields has to do with the interesting physics

of NCs, which is the result from the unique physical size of NCs that bridges between

individual atoms and bulk solids.

bulk (3D) film (2D) wire (1 D) dot (OD)

U

w
'S

MAE CI

U'v.0v

Id

gap

Figure 1-3 An illustration of quantum confinement evolution from bulk semiconductor to semiconductor

quantum dot. Starting from bulk which is not quantum confined, the substrate is progressively quantum

confined in ID, 2D and 3D for film, wire and dot respectively. The corresponding density of states for

conduction band and valence band for each scenario are shown qualitatively.

The radius of NCs (e.g. QDs) is smaller than the Bohr radius of an exciton in the bulk (e.g.

-5.6nm for CdSe). 26 On one hand, NCs share the same crystal structures with the bulk. On

the other hand, because of the quantum confinement of electrons and holes, NCs have

discrete energy levels akin to an atom. As illustrated in Figure 1.3, starting from bulk, the

solid can be quantum confined in one dimension, two dimensions, and three dimensions,

IL , O

I ,



which result in different densities of states. A NC (e.g. QD) is three dimensionally quantum

confined such that we can view it as a particle in a sphere27-29 with a potential of zero inside

the sphere and infinitely high outside, and energy levels can be approximated by

l2 h2

E, = ,k
2mor2

where mo, ro, h, and ul,k denotes mass, radius of sphere, reduced Planck constant, and the k•

zero of the spherical Bessel functions respectively. The quantum confinement effect is borne

out by the fact that the band edge absorption of NCs shifts to the blue while the size of NCs is

further smaller than the Bohr radius, as shown in Figure 1.4. It is worth noting that the

absorption of NCs is continuous to the blue of the band edge absorption peak, and the

emission peak of NCs is usually fairly narrow (e.g. for CdSe NCs, full width at half

maximum (FWHM) is -30nm).
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Figure 1-4 The size dependent optical absorption spectra of CdSe NCs. For each size of NCs, the

corresponding absorption spectrum is illustrated with the peak at largest wavelength indicating the band edge

absorption. As the size of NCs increases, NCs are less subject to quantum confinement which results in a

smaller band gap. Picture extracted from C.B. Murray PhD thesis.30



While particle in a sphere gives a rough picture about how discrete energy levels of

valence and conduction bands arise, many efforts have been devoted to understand the fine

structure of bands as detailed in Brent Fisher's thesis.31 In a brief summary, the fine

electronic structure is under the influence of the crystal structure of NCs, spin orbit coupling,

26 valence band mixing,32,33 shapes of NCs, 34 exchange coupling between photoexcited

electron and hole, 35-37 and band-band mixing etc. After all the refinements are considered,

the fine structure for a CdSe NC is shown in Figure 1.5.

1P.
g = 2x3 =6

g=2

1834

g=4

1P 2

g = 4x3 = 12

183,218,

g=8

Mh t= 112

N * ±1

g=2

g-2

10 >

Extracted from B. Fisher, PhD thesis, MIT, 2005

Figure 1-5 The evolution of the fine structure at the band edge of a CdSe NC. 31

The complex fine electronic structure in Figure 1.5 is directly related to a range of

interesting optical properties of NCs. The atomic like energy levels in NCs induce an

a



interesting dynamical process - Auger process where an excited NC non-radiatively transfers

the exciton energy to adjacent charges. In the archetypical CdSe NC system, Auger process

happens at 10 to 100 ps time scale, 38,39 which is significantly shorter than the single exciton

lifetime (-20 ns40). The non radiative pathway from Auger process is one of the key limiting

factors in achieving population inversion in NCs, which is required to realize lasing. 41 Auger

process is also very important to understand a signature optical property of an individual NC

- fluorescence intermittency (also known as "blinking") at single NC level.4 2'43 Even though

numerous studies44"51 52 have been initiated to investigate the fundamental mechanisms of the

blinking phenomenon at single NC level, a definitive answer is awaited.

Synthesized NCs are inherently "dirtier" than SK growth counterparts indicating the

messiness one would encounter in trying to draw a clean physics picture for a NC. However,

it is imperative to develop optical spectroscopy and electrical methods to understand the

physics of NCs, since many of NC applications take advantages of their unique optical and

electrical properties.

Along with the advancement in understanding of chemistry and physics of NCs, NCs

have found their way into many different applications. There are two major areas in NC

applications: optoelectronics and biology, which I will have a brief overview in section 1.2

and 1.3 respectively.

1.2 Nanocrystals in optoelectronics

1.2.1 NC applications in optoelectronics

On the optoelectronics side, NCs serve as attractive candidates for several applications

including light emitting diodes (LEDs), lasers, photo detectors and solar cells. Compared to

conventional nanoscale processes with lithographic methods or scanning probe microscopy, 53

25



solution based process 54' 55 for NCs offers great advantages to fabricate nano-structured

devices. Monolayers of monodisperse CdSe NCs have been fabricated with the Langmuir-

Blodgett technique.56 Hybrid organic/inorganic LEDs made from NCs and a semiconducting

polymer were demonstrated by Colvin et al..57 Recent improvement in the device structure

led to much higher luminescence efficiency." In the lasing area, Klimov et al.41 showed

amplified spontaneous emission (ASE) from NCs films, and Chan et al. demonstrated NC

lasing by incorporating NCs into titania and silica matrixes. 15' 58 Recently Klimov et al.

demonstrated single-exciton optical gain in semiconductor NCs with special core/shell

hetero-NCs where electrons and holes were separated between the core and shell.59 Visible

light photodetectors based on NCs were recently shown by Oertel et al. and Konstantatos et

al..60 '6' Solution processed infrared photodetectors and photovoltaics were shown by

sensitizing conjugated polymers with infrared NCs.62 With pressing demand for new energy

sources, NC based solar cells become a popular topic in the research community recently,

including solar cells based on polymer/NCs blend film,63-65 and dye-sensitized solar cells 66

etc. Carrier multiplication-absorption of a single photon by a NC can generate multiple

excitons within a NC67-- has been observed in PbS NCs. 68 This effect, if real, 69 should lead

to substantial improvement in the collection efficiency in NC based solar cells.

1.2.2 NCs in LEDs

Of all the NC based applications in optoelectronics, LEDs are most relevant to this thesis.

One of the major reasons why so many different research group and industrial companies are

pushing the LED technology relies on the high energy efficiency that LED can offer. In

conventional LCD technology, much of the back white light is filtered out (wasted) so as to

show different colors, while LEDs produce incoherent narrow-spectrum light.



The questions come next then are: what is the operation mechanism of a LED, and what

is the optimal design for a LED structure to improve the efficiency? In the first half of the

thesis (Chapters 2-4), we will employ NCs as nanoscale probes to answer part of the

questions in two types of LEDs-planar LEDs and gap LEDs -fabricated with very

different schemes. The planar LEDs were fabricated in Vladimir Bulovic lab at MIT, making

use of their sputter, high vacuum evaporator and glove boxes, and gap LEDs were fabricated

with Harvard facilities. The typical device structures for planar LEDs and gap LEDs are

illustrated in Figure 1-6.

Nanocrys
Top Electrode /i~i-·]

';::::

(

Bottom Electrode
Cover Glass

(a) (b)

Figure 1-6 Schematics of the device cross sections (not to scale) for (a) planar LED with single NCs and (b)

gap LED with clusters of NCs. For planar device (a), the typical top electrode, electron transport layer, hole

transport layer, and bottom electrode are Ag/Mg, tris-(8-hydroxyquinoline) aluminum (Alq3), N,N'-diphenyl-

N,N'-bis(3-methylphenyl)-(1,1'-biphenyl)-4,4'-diamine (TPD), and indium tin oxide (ITO) respectively. For

gap device (b), the metal leads can be composed of the same metal or different metals. Typical metals involved

are Au, Ag, and Pt.

Coe et al. suggested that the possible operation mechanism in planar LED with a

monolayer of NCs was twofold: excitons formed in organics undergo Forster energy transfer

to the lower-energy NC site, and excitons form in NCs as a result of direct charge injection in

to NCs." In order to better understand the mechanism, we position single NCs in planar



LEDs to probe the local chemical and electrical environment. The results led to a range

interesting discoveries as will be elaborated in Chapter 2 and 3. Along the same note, in

hoping to elucidate the optoelectronic processes at the microscopic level, we investigate the

NC based nanoscopic gap LEDs with electromigrated metal gaps in Chapter 4.

1.3 Nanocrystals in biology

1.3.1 Why are NCs so popular in biology? -

Nanocrystals have entered the realm of biological applications with a rapid pace since

1998, when two seminal papers 70,71 testified the possibilities for NCs being utilized in

biological biomedical applications. The increased popularity of NCs in biological

applications has been propelled by the advanced understanding of chemistry and

photophysics of NCs, which include several key NC properties72,73 listed below:

1. Small in size;

2. Narrow and symmetric emission bands with wide spectrum window;

3. Large absorption cross sections and longfluorescence lifetimes (> 10 ns);

4. Excellent photostability and high quantum yield (orders of magnitude longer than

conventional organic fluorophores);

5. Sophisticated surface coating chemistry.

1. Small in size:

According to Figure 1-1(a), a typical NC comprises of an inorganic core and organic

ligands. The size of the inorganic core ranges from Inm to 20nm. However, the

hydrodynamic radius, which is often more important for biological applications, ranges from

4nm to 40nm because of the organic ligands. NCs are small enough to serve as fluorescent



trackers for proteins of similar size, as opposed to micro beads which would perturb motions

of proteins significantly. In the latter half of this thesis, I present single fluorophore tracking

of proteins taking advantage of this small size of NCs. Choi et al. demonstrated that small

size NCs (e.g. <5.5nm in diameter) are subject to rapid urinary excretion, which indicated

many potential applications of NCs in diagnosis and treatment of human diseases.74

2. Narrow and symmetric emission bands with wide spectrum window:

The typical FWHM of the emission peak of NCs in the visible range is from 25nm to

35nm, and it usually increases as the emission peak center is shifted to a longer wavelength.

By controlling the size and composition of NCs, the spectrum window can span from

ultraviolet to the infrared (400nm to 1600nm).

3. Large absorption cross section and long fluorescence lifetime:

Compared to conventional organic dyes, NCs tend to have larger absorption cross

sections 75 and longer fluorescence lifetime (>10ns 40), which facilitate the applications of NCs

in two photon microscopy in vivo and time gated microscopy. 76 Larson et al. demonstrated

the use of NCs as fluorescent labels for multi-photon imaging in the skin of living mice.75

4. Excellent photostability and high quantum yield:

Nanocrystals have significantly higher photostability over conventional organic dyes as

shown by Sukhanova et al.77 In the meanwhile, they can retain high quantum yield (e.g.

-90%) due to the advancement in the chemistry of NCs. These attributes, together with their

narrow emission peaks and continuous absorption band, make NCs excellent candidates for

multi-color, long term and high sensitivity single fluorophore imaging in biology. Dahan et al.



demonstrated a high spatial resolution detection of single glycine receptors in cultured spinal

neurons with streptavidin coated NCs. 78

5. Sophisticated surface coating chemistry:

Because of their small size, NCs have a large surface to volume ratio which provides

opportunities to engineer multifunctional NC probes in biology. However, NCs are

synthesized in an organic solvent which is often hydrophobic, while biological environments

are typically hydrophilic. The prerequisite for any biological applications is to solubilize NCs

in biological environments. Since 1998, a great amount of efforts have been devoted in that

direction to develop new surface coating chemistry. In a review article, Michalet et al.72

detailed the three general solubilization routs: ligand exchange with amphiphilic ones,7 1' 73 ,79

encapsulation by a layer of amphiphilic polymers,s8 081 and combinations of different ligands

while keeping the stability of NCs.82 In most of the biological applications, surface coating

not only solubilizes NCs, but also functionalizes NCs to target specific molecule of interest.73

1.3.2 NC based three dimensional imaging method for cells

Indeed, these unique properties of NCs enable us to develop a new single fluorophore

imaging method providing sub-diffraction limited precision in three dimensions (3-D). The

accepted limit for the resolution of an optical microscope is given by the Rayleigh criteria of

0.61/JNA, where X is the wavelength of the emitted light being recorded and NA is the

numerical aperture of the receiving optics. A method based two dimensional centroid fitting

providing nanometer spatial precision in two dimensions, has been described theoretically 83

and demonstrated experimentally.8 4' 85 In order to measure displacements along the optical

axis (the Z direction), Speidel et al.86 demonstrated an off-focus 3-D imaging method for

fluorescent microbeads which provides nanometer spatial resolution.8 6 However, the
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relatively large size of microbeads (-200nm and larger) limits their applications in many

biological investigations. In contrast, the size of NCs can vary from 5 to 20nm which is

suitable for protein tracking in biology. In Chapter 5, we demonstrate that the off-focus

imaging techniques enables us to achieve 15nm accuracy in Z direction with NCs. Taking

advantage of NCs' properties 2, 4, and 5 listed above, we label different proteins in a

endothelial cell with NCs of different size and reconstruct the cell in 3-D.

133 Endothelial cells and glycocalyx

elastica Intema

media
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From wikipedia.com

Figure 1-7 Anatomy view of the arterial wall, extracted from Wikipedia.com

The cells of interest in the thesis are endothelial cells, which line the interior surface of

blood vessels. The thin layer of endothelial cells, also known as endothelium (Figure 1-7),

plays a vital role in maintaining the vascular integrity.8 7'88 Over the past decade, a series of

I



studies have demonstrated the presence of a delicate surface layer, named the glycocalyx,

decorating the endothelial membrane and associated with a number of physiological

implications in the vasculature. 89-92 A number of papers have recently demonstrated its

importance 90,93-9 and several excellent reviews have appeared .97-'00 We apply the imaging

method as described above to make a direct determination of the glycocalyx thickness on a

living cell, as well as to study the dynamics of glycocalyx under external flows.

1.4 Optical measurement setup

The primary microscopy technique employed throughout the thesis is wide-field

fluorescence imaging of single fluorophores, because it can record multiple single

fluorophores simultaneously while con-focal setup can only scan point by point. Figure 1-8

illustrates the basic set up for wide-field microscopy.



Beam splitter
Tube lens or dichroic Objective

I Sample

CCD Camera
or Spectrometer entrance

Defocusing lens

Collimated beam

Ar ion laser

Figure 1-8 Wide-field microscopy set-up for single NC imaging in this thesis. The objective is an infinity

corrected objective which forms an image at an infinite distance when the sample is located near the front focal

plane of the objective.

The common practice is to keep the distance from objective to sample equal to the front

focal length of the objective, and the distance from tube lens to the imaging plane-be it

charge coupled detector (CCD) or front entrance of a spectrometer. If a collimated laser beam

is sent into the objective, the laser beam will be focused into a diffraction limited spot on the

sample which limits the field of view. When the sample is in the focal plane of the objective,

a defocusing lens located between the laser source and objective causes a wide field of the

sample to be illuminated instead of a focused spot. In order to illuminate the sample area

homogeneously, we should focus the collimated laser beam at the back focal point of the

objective which sometimes is in the middle of the objective.

Different infinity-corrected objectives usually have their corresponding tube lens which

might have different focal lengths ranging from 160mm to 200mm. Correction for spherical

and chromatic aberrations in infinity optical system is accomplished through either the tube
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lens or the objective depending on the manufacturer of the objective. In the thesis, all the

objectives in the optical systems were made by Nikon which has all the optical corrections

compensated within their objectives.

Even though the common practice only employs tube lens with specific focal length, it

should be noted that the requirement for the focal length of tube length can be much more

relaxed, which however will change the magnification of the microscope system as stated in

the objective. With one tube lens, the longer the focal length of the tube lens is, the higher

magnification of the microscope system can achieve. In some applications, additional lenses

are needed so as to achieve higher magnification. 84

1.5 Thesis overview

This thesis employs colloidal semiconductor nanocrystals (NCs) as nanoscale emissive

probes to investigate the physics of light emitting diodes (LEDs), as we as to unveil

properties of endothelial cells that conventional imaging techniques cannot reveal. Chapter 2

utilizes individual NCs to manipulate layered organic LED structures at nanometer scale,

resulting in spectrally resolved electroluminescence from single colloidal CdSe/ZnS

(core/shell) NCs at room temperature. Chapter 3 takes NCs as emissive probes in layered

organic LEDs, and shows the bias dependent photoluminescence of single NCs which helps

elucidate elementary interactions between NCs and organic semiconductors, knowledge

needed for designing efficient NC organic optoelectronics. Instead of planar LED geometry,

Chapter 4 presents a technique for making nanoscale gap LEDs which allow the spectrally

coincidental photoluminescence and electroluminescence from NCs. The work investigates

the interactions between NCs and different metal gaps, and suggests electromigrating leads

made of different metals as a promising route to fabricating nanoscale gaps with

workfunction offsets for optoelectronic devices. On the cell biology side, we develop a three-
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dimensional sub-diffraction limited single fluorophore imaging method for proteins labeled

with NCs. Chapter 5 applies the method to measure the endothelial glycocalyx thickness in

vitro for the first time, by labeling different proteins with NCs of different emission

wavelengths. Taking a step further, Chapter 6 utilizes the NC based imaging method to

investigate the flow induced dynamics of endothelial glycocalyx, and measures the shear

modulus of glycocalyx.
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Chapter 2: Electrically driven light emission from single colloidal

nanocrystals at room temperature

2.1 Introduction

Photoluminescence (PL) studies at low laser excitation power have shown that

nanocrystals (e.g. quantum dots (QDs)) are also potential candidates for non-classical light

sources. 1" Electroluminescence (EL) from single QDs, which is more appealing for practical

applications, has only been demonstrated recently at low temperature4"6 using self-assembled

QDs grown by molecular beam epitaxy (MBE). To date, however, there are no reports of EL

from single colloidal QDs, which can be synthesized by wet chemical methods enabling

processing and integration versatility. In contrast to molecular-beam-epitaxy grown QDs, the

size and concentration of colloidal QDs in a device can be controlled independently over a

wide range, and mixtures of QDs with different emission wavelengths can be incorporated

into a single layer. Furthermore, the organic ligands surrounding colloidal nanocrystals

facilitate QD integration into organic LED structures. In previous attempts with layered

organic LEDs, EL from single QDs was masked by exciplex emission from the organic

films. 7

In this chapter, we report spectrally resolved EL emission from single colloidal CdSe/ZnS

(core/shell) nanocrystals embedded in layered organic LED structures at room temperature.

Spectral diffusion and blinking from individual quantum dots were observed both in electro-

and photoluminescence. We propose a model in which the nanocrystals act as seeds for the

formation of current channels that lead to enhanced exciton recombination in the vicinity of

the quantum dots. This work demonstrates that individual semiconductor nanocrystals can



serve as emissive probes in organic light emitting devices, and that they can be used to

manipulate device structure and properties at the nanometer scale.

2.2 Experimental and Results

2.2.1 Device Fabrication

Our devices are conceptually similar to the ones reported by Coe et al..8 The device

substrates were prepared by RF sputtering 80nm thick indium tin oxide (ITO) strips onto

-0.13mm cover glasses through a shadow mask. The ITO surface after sputtering (at -0. 1 A/s

rate) is very smooth with a mean roughness less than 0.5nm as shown in Figure 2-1. A rough

ITO surface would probably be fine with this experiment, because the subsequently

evaporated organics and smoothen the surface. However, a smooth ITO surface is required in

an all-inorganic LED, because the spikes in ITO would create current leakage through latter

sputtered inorganic layers. 9 In order to achieve the high smoothness of the ITO surface, we

need to have very smooth substrate cover glasses, and sputter ITO at a very slow speed. A

higher speed of sputtering (e.g 2 A/s) will typically result in spiky film.
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Figure 2-1 AFM results on a sputtered ITO film on a piece of cover glass. (a) shows the roughness

measurements on the film, (b) shows the three dimensional view of the film.
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A PEDOT solution (BAYTRON CH8000) was then spun onto the glass/ITO substrates at

3000rpm and baked for 30mins. The CdSe/ZnS (core/shell) nanocrystals used in the devices

were obtained from Quantum Dot Corporation (QDC, Catalog No. 1002-1), with a PL

emission wavelength centered around 655nm and a quantum yield of 75%.3 The QDs were

precipitated three times with butanol and methanol, and then re-dispersed in anhydrous

chloroform, to which N,N'-diphenyl-N,N'-bis(3-methylphenyl)-( 1,1'-biphenyl)-4,4'-diamine

(TPD) was added at a concentration of 10mg/ml. The resulting TPD-QD solution was spun

onto the device substrates at 3000rpm in a nitrogen glove box forming a -50nm thick film.

The devices were then transferred into an evaporator, where a -20nm thick 3-(4-Biphenylyl)-

4-phenyl-5-tert-butylphenyl-1, 2, 4-triazole (TAZ) layer, a - 20nm thick aluminum tris(8-

hydroxyquinoline) (Alq 3) layer, a -100nm thick Ag-Mg and a -20nm thick Ag layer were

evaporated in sequence at a background pressure of 6x10 7 torr. In the device, TPD acts as a

hole conducting layer, TAZ as a hole blocking layer and Alq 3 as an electron conducting layer

with Ag-Mg/Ag as the top electrode and ITO as the transparent bottom electrode. A

schematic of a cross-section of a device (not to scale), is shown in Figure 2-3(a). The

substrates were then packaged in a nitrogen glove box with glass coverslips and UV curable

epoxy to minimize device exposure to oxygen and humidity, and mounted onto an xyz piezo-

stage. The 514nm line of an Ar-Ion laser with an intensity of -10 W/cm2 was used as an

excitation source.
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Figure 2-2 (a) Upside down view of a real LED device with each component labeled. Each red rectangular
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Figure 2-3 (a) Schematic representation of the cross-section of a single quantum dot LED (not to scale). (b) &

(c) Images of the same device area taken through a band-pass filter from 630nm to 680nm. (b)

Photoluminescence image under laser excitation at 514nm wavelength. (c) Electroluminescence image at a bias

of 16V. The circles highlight QDs that blink both in PL and EL, while the bright spot in the square changes its

brightness only slightly and probably constitutes a cluster of QDs.

2.2.2 Measurements

Images were taken through the transparent ITO electrode using a 100x oil immersion

objective (Nikon) and an intensified CCD Camera (Pentamax, Princeton Instruments). The

optical set up is illustrated in Chapter 1, section 1.4. First the objective was focused on the
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fluorescence signal of the QDs under laser excitation to obtain PL images. The laser was then

switched off, and a positive voltage was applied to the ITO bottom electrode while the Ag-

Mg/Ag top electrode was grounded. For voltages above 3V, we observed EL from the

organic films, with EL signals from single QDs becoming most pronounced above 8V.

Typical PL and EL images of the same area are shown in Figure 2-3(b) and Figure 2-3(c).

Many of the bright spots blinked and appeared both in PL and EL, suggesting that many of

them are individual QDs.'1 ,11 Some of the brightest spots only varied slightly in intensity, and

these are likely clusters of QDs.
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Figure 2-4 (a) Spectrum of the electroluminescence from a single QD at a bias of 18V (noisy line). The

spectrum was fit with the sum of a single exponential decay term for the organic background and a Gaussian

term for the QD contribution (smooth line). (b) Photoluminescence spectrum of the same QD with a Gaussian fit.

(c) Time dependent spectra of the electroluminescence from a single QD with fits as in (a).

Obtaining EL spectra from single QDs is complicated by their low emission intensity and

the overlapping red tail of EL from the organic films. An EL spectrum containing a strong

contribution from a single QD is shown in Figure 2-4(a). The corresponding spectrum of the
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same QD in PL is shown in Figure 2-4(b). Spectral diffusion and blinking, key features of

single quantum dot fluorescence, 10 -12 can be seen in the time resolved spectral traces [Figure

2-4 (c)]. We note that some bright spots can only be observed either under laser excitation or

in El measurements. The EL from the organic films was also strongly enhanced at the

positions of the bright spots as compared to the organic EL background of the rest of the

device area.

2.3 Discussion

In the following we present a model related to details of the device fabrication process to

explain our findings. After the TPD-QD solution is spun onto PEDOT, the QDs phase

separate from the TPD film and form a sparse QD layer on top of TPD, as illustrated in

Figure 2-5(a). The subsequently evaporated TAZ is chemically incompatible with the organic

ligands that coat the surface of each QD, resulting in poor TAZ wetting of the QD sites,8 and

consequent formation of channels through the TAZ film, as illustrated in Figure 2-5(b).

Absence of TAZ reduces the device resistance in the channels facilitating higher current

passage at QD sites, due to enhanced injection of holes from the TPD layer directly into the

Alq 3 layer. A portion of the EL from the QDs may be due to direct charge injection into the

QDs, which is the mechanism for EL observed in MBE grown QD devices." In our case,

however, energy transfer from Alq3 to the QDs is probably the dominant mechanism due to

the proximity of Alq 3 molecules to the QDs in the channels. We are able to observe both PL

and EL from the QDs located in channels. It is possible that some of the QDs are covered

entirely by TAZ, as illustrated by Figure 2-5(c), and from these QDs we primarily observe PL

and only weak EL, due to diminished energy transfer to QDs. A third possibility is that the

TAZ film has pinholes even when no QDs are present [Figure 2-5(d)]. The pinholes appear as

bright spots in EL without a QD spectral contribution. Some channels could also contain QDs
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that are dark in PL and only switch on under bias due to charge rearrangement in their local

environment.
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The model above is supported by the enhanced EL from the organic films at all of the

bright spots. Atomic force microscopy (AFM) studies on different layers of the device also

support our hypothesis of current channels. The TPD-QD films display a smooth TPD surface

[Figure 2-5(a)] with a RMS roughness of 0.3nm, while the TAZ films on top of the TPD-QD

layers are rougher with pinholes. In some scans [Figure 2-5 (e)], QDs appear to be located

inside the pinholes. We also observed pinholes in TAZ films where no QDs were present

[Figure 2-5 (f)].

2.4 Conclusion

In summary, we have observed electroluminescence (EL) from single colloidal quantum

dots (QDs) at room temperature. We propose a model in which pinholes form at the sites of

individual QDs in the TAZ film. The lower device resistance in the pinholes leads to current

channels that enhance the EL from QDs. The exact mechanisms of QD-EL and the

electrostatics of single QDs in this environment warrant further investigation. Intentionally

introducing channels into the TAZ film e.g. by nanoindentation 13 with an AFM could be an

interesting way to control EL at the nanometer-scale.
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Chapter 3: Bias induced photoluminescence quenching of single

colloidal quantum dots embedded in organic semiconductors

3.1 Introduction

As detailed in Chapter 1, colloidal semiconductor nanocrystal quantum dots (QDs) have

attracted considerable interest for their potential applications in optoelectronics in recent

years due to their spectral tunability, photostability and chemical versatility. In many of these

applications, such as organic light emitting devices (OLEDs) 1' 2 and solar cells 3'4, colloidal

nanocrystals (NCs) are usually incorporated into organic optoelectronic components. At the

ensemble level, Ginger and Greenham have studied the interactions between conjugated

polymers and CdSe nanocrystals; 5 however, to date little is known about how individual

nanocrystals are influenced by the surrounding organic semiconductor matrices.

In this chapter, we study interactions between single QDs and two archetypical organic

semiconductors: the electron conducting aluminum tris(8-hydroxyquinoline) (Alq 3) and the

hole conducting N,N'-diphenyl-N,N'-bis(3-methylphenyl)-(1, I'-biphenyl)-4,4'-diamine

(TPD). We investigate the photoluminescence (PL) from QDs in solutions containing Alq 3 or

TDP as well as from QDs embedded in evaporated thin films of these materials. Electrodes

sandwiching the organic semiconductors allow us to apply an external voltage across the

composite organic/QD thin films. We demonstrate reversible quenching of the

photoluminescence from single CdSe/ZnS colloidal QDs embedded in thin films of TPD in a

layered device structure. Our analysis, based on current and charge carrier density, points

towards field ionization as the dominant photoluminescence quenching mechanism. Blinking

traces from individual QDs reveal that the photoluminescence amplitude decreases

continuously as a function of increasing forward bias even at the single QD level. In addition,
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we show that QD photoluminescence is quenched by Alq3 in chloroform solutions as well as

in thin solid films of Alq3, whereas TPD has little effect. This highlights the importance of

chemical compatibility between semiconductor nanocrystals and surrounding organic

semiconductors. Our study helps elucidate elementary interactions between QDs and organic

semiconductors, knowledge needed for designing efficient QD organic optoelectronic devices.

3.2 Experimental, results and discussions

3.2.1 Materials

The CdSe/ZnS (core/shell) QDs capped with trioctylphosphine oxide (TOPO) were

obtained from Quantum Dot Corporation, with an emission wavelength centered around

1= 655nm. The QDs were first precipitated three times with butanol and methanol, and then

re-dispersed in anhydrous chloroform. Alq3 was purchased from Tokyo Kasei Kogyo Co. Ltd.

and purified by resublimation prior to use, while TPD was used as purchased from H.W.

Sands Corp.

3.2.2 QD lifetime in solutions

Quantum dots in solutions containing different concentrations of dissolved Alq3 or TPD

were excited with X = 525nm light generated by a frequency doubled Ti:Sapphire laser. The

resulting time resolved spectra were collected with a streak camera. A band pass filter

(X = 630nm to X = 680nm) was used to suppress emission from the organics and the laser.

The concentration of QDs in chloroform (99%, anhydrous) was -0.04lVM. Solution A-1

(A-2) was made by adding Img (15mg) of Alq 3 to Iml of QD solution, and stirred until the

Alq 3 was completely dissolved. Solution A-2 was kept in the dark for -2hrs for this mixing



process. Equivalently, two other QD/TPD solutions, T-1 and T-2, were prepared by adding

TPD to solvated QDs.

A streak camera spectral window of X = 642nm to , = 668nm is monitored and recorded

to determine the luminescence lifetimes of the QDs in different solutions. The PL lifetime of

QDs in pure cholorform is -20ns. As shown in Figure 3-1, the QD PL lifetimes of QDs are

significantly shortened by Alq 3, while TPD minimally affects QD luminescence. We suspect

that 8-hydroxyquinoline functional groups in Alq3 quench QD PL by interacting with the QD

surface. This assumption is consistent with the observation that the PL of QDs in solution is

also suppressed when quinoline or 8-hydroxyquinoline is added (data not shown). F6rster

energy transfer from the QDs to Alq3 molecules is not probable because of fast exciton

relaxation6 to the band edge of the QDs, which is to the red of the absorption band of Alq3.

TPD, on the other hand, does not have chelating groups which explains why no quenching of

the PL was observed in solutions T-1 and T-2.
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Figure 3-1 Photoluminescence lifetime measurements of QDs in chloroform solutions containing (a) different

concentrations of Alq3, and (b) different concentrations of TPD. Chemical formulas of Alq3 and TPD are

indicated.



3.2.3 Device fabrication

All the measurements above were carried out in dilute QD solutions, while in active

optoelectronic devices QDs are embedded in thin solid films."' In order to study QD PL in

condensed molecular films, we prepared substrates by first RF sputtering 80nm thick ITO

electrode strips through a shadow mask onto 0.13mm thick cover glass slides. Then a PEDOT

solution (BAYTRON CH8000) was spun onto the glass/ITO substrates at 3000rpm and baked

for 30 minutes. Schematics of the cross-sections of the organic/QD thin film structures with

the corresponding electron energy level diagrams are shown in Figure 3-2 (a) & (b). For the

device shown in Figure 3-2(a), TPD was added to the QD chloroform solution at a

concentration of 10mg/ml, and the resulting QD/TPD solution was spun onto the device

substrates at 3000rpm in a nitrogen glove box forming a -50nm thick film.7 As described

previously, QDs float to the TPD surface due to phase separation.' The substrates were then

transferred into an evaporator without exposing them to atmosphere, where a 70nm thick

TPD film was deposited at a background pressure of 6xl0-7 Torr. Then 100nm Ag:Mg/ 20nm

Ag top electrode strips were evaporated through a shadow mask orthogonal to the ITO strips.

Rectangular devices, with areas of about 2.3 mm2 each, were formed at the intersections of

the top and bottom electrodes. For the device shown in Figure 3-2(b), QDs dissolved in

chloroform were spun onto a paralene-C coated PDMS stamp at 3000rpm in a nitrogen glove

box. The QDs were then stamped onto a 40nm thick Alq3 film which had previously been

evaporated onto a PEDOT/ITO/glass substrate.8 After stamping, a 40nm thick Alq 3 layer was

evaporated onto the QD layer, and Ag:Mg/Ag top electrodes were added as described above.

The devices were then packaged in a nitrogen glove box with glass coverslips and UV

curable epoxy to minimize device exposure to oxygen and humidity, and were mounted onto

an xyz piezo-stage for measurement.
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Figure 3-2 (a) & (b) Schematic representation of device cross-sections; (c) & (d) corresponding electron

energy level diagrams (not to scale).

3.2.4 Device measurements

3.2.4.1 Measurement scheme

The 1X= 514nm line of an Ar-ion laser with an intensity of -10 W/cm 2 was used as an

excitation source. Images were taken through the transparent ITO electrode using a 100x oil

immersion objective (Nikon) and an intensified CCD Camera (Pentamax, Princeton

Instruments), with a band pass filter from X = 630nm to X = 680nm. The objective was

focused on the fluorescence signal of the QDs under laser excitation, then a voltage was

applied to the ITO electrode while the Ag:Mg electrode was grounded.

- ~~-----------



3.2.4.2 Qualitative observations on devices at zero bias

At zero bias, it was easy to observe luminescence from individual QDs in TPD devices,

while QD PL was strongly quenched in Alq3 devices. These observations are consistent with

our solution-based measurements (Figure 3-1). We note that QD PL quenching was less

pronounced when QDs were located at an Alq3-glass or Alq 3-PMMA interface (devices and

measurements not shown). This could be due to the presence of dipole layers, surface charges

or a reduced surface coverage of the QDs by Alq3. We also find that Alq3 degrades under

laser excitation, leading to more QDs becoming visible as Alq3 degrades. This was also

observed for QDs embedded in TPD, however the effect was much less pronounced.

3.2.4.3 Voltage dependent PL quenching

The PL signal from single QDs in Alq3 is hard to observe even at zero bias, therefore we

report only voltage dependent PL quenching of QDs in TPD. As illustrated in Figure 3-3(a),

the decrease in PL intensity coincides with an increase in current flow through the device

under forward bias. Under reverse bias, we do not observe any significant current, and PL

from the QDs is not quenched. We expect that under reverse bias most of the voltage drops

over a thin charge blocking layer at one or both of the organic/electrode interfaces. In this

case the QDs are not exposed to increased electric fields or currents. When a positive voltage

is applied to the ITO electrode, the voltage primarily drops across the bulk of the TPD layers,

indicating that QDs located approximately at the center of the device are not only subject to

an increasing current density, but also to an increasing electric field.9
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Figure 3-3 (a) Current-voltage characteristic of the TPD/QD/TPD device of Figure 3-2(a) (green curve) and

corresponding voltage dependent PL intensity (blue curve) averaged over 13 QDs. The solid red curve serves as

a guide to the eye. (b) PL intensity voltage traces (blue curves) of four individual quantum dots contained in the

ensemble. The red curves have the same intensity profile as the red curve in (a).

The very dilute QD concentration in our devices enables us to monitor the fluorescence of

individual QDs as a function of voltage (Figure 3-3(b)). This is of interest, because it enables

us to observe fluorescence intermittency, or "blinking", of individual QDs as well as details

of the turning off process that are lost in ensemble averaging.o10,1 It should be noted that QDs

embedded in TPD do not blink as digitally as QDs deposited on clean glass surfaces. The

continuous decrease in intensity observed in Figure 3-3(a) could be the average of different

single QD turning-off behaviors such as: (A) the QDs continue to blink with constant

amplitudes but with longer off times or shorter on times, or turn off abruptly at different



voltages, as illustrated in Figure 3-4(c), and/or (B) the on time amplitude decreases

continuously, as illustrated in Figure 3-4(d).
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Figure 34 (a) PL intensity trace as a function of time (blinking trace) of an individual QD at OV, and (b) the

corresponding histogram of the PL intensity. (c) & (d) Schematics illustrating two different turning-off

behaviors of individual QDs resulting in the same ensemble averaged PL intensity voltage trace (red curve), and

(e) & (f) corresponding schematics of histograms of the PL intensity at three constant voltages (red, green and

blue). The black curve in (f) is the off time amplitude peak which doesn't vary with voltage. (g) Histograms of

the PL intensity distribution of 8 individual QDs at four different constant voltages. At OV, 5V, and 8V, the

histograms are fitted with two Gaussians (red curves) representing the on-time and off-time amplitude peaks; the

green curves are the sum of the two red curves. At 15V all the QDs are assumed to be off, so the histogram is

fitted with one Gaussian only (green curve).

The voltage dependent PL traces of individual QDs are compared with the ensemble

average in Figure 3-3(b). The PL intensity appears to decrease continuously even at the single

QD level. In order to quantify this observation, we plot PL amplitude histograms of the

blinking traces of 8 QDs, which were taken over a time period of 40s with time bins of 0.1 s at

a series of constant voltages (Figure 3-4(g)). The maximum PL amplitude of every QD at

zero bias is normalized to 1. Therefore at zero bias, digital blinking (Figure 3-4(a)) leads to

two distinct peaks: an "on time amplitude peak" close to 1, and an "off time amplitude peak"

close to 0 (Figure 3-4(b)). A shrinking "on time amplitude peak", that remains fixed at a

constant amplitude with increasing bias (schematic in Figure 3-4(e)), would indicate longer

off times, shorter on times, or abrupt switching off of individual QDs, as proposed in (A). A

continuous downward shift in amplitude of the "on time amplitude peak" (schematic in

Figure 3-4(f)), on the other hand, points towards a continuous decrease in single QD PL

intensity, as proposed in (B). As shown in Figure 3-4(g), the "on time amplitude peak"

continuously shifts downward rather than remaining fixed at a constant amplitude and

shrinking. This supports the picture proposed in (B).



3.2.5 Quenching mechanism discussion

Since the absorption cross section of QDs is not significantly altered by electric fields, 12

the continuous decrease in PL intensity is the result of a field dependent increase in the ratio

of non-radiative to radiative relaxation rates. The field dependent quenching could be due to

the following three mechanisms: (I) Excitons in the QDs are dissociated by the electric field,

thus preventing radiative recombination. 13' 14 (II) Charge carriers hopping on and off the QDs

quench the fluorescence when an excess charge resides in the QD due to an Auger process.' 5-

17 (III) Excitons in the QDs transfer their energy to the loosely bound charge carriers

participating in current flow through the surrounding organic. This mechanism is

conceptually similar to the quenching of fluorophores on a metal surface. 18s 19

Jarosz et al. 14 have demonstrated that electric fields in excess of 106 V/cm are necessary

to completely field ionize excitons in QD films without ligand treatment. However, cap-

exchanging with shorter ligands can lead to complete exciton ionization at fields as low as

2 x 105 V/cm. 14 In our device, the electrical field strength at the position of the QDs is

linearly approximated as E=U/d under forward bias,9 where U is the voltage applied across

the electrodes and d is the thickness of the organic film. In Figure 3-3(a), we observe near

complete QD PL quenching at 15V corresponding to a field of 106 V/cm. Field induced

exciton ionization is more efficient in our devices than in untreated QD films due to the

shorter tunneling distance from a QD to a TPD molecule, as compared to the tunneling

distance from one QD to the next as considered by Jarosz et al. It is also energetically more

favorable for holes to tunnel from a QD to TPD (Figure 3-2(c)) than to a neighboring QD. As

bias increases, the tunneling rate also increases resulting in PL quenching of the QDs. An

increasing exciton ionization rate with increasing bias is also consistent with a continuous

decrease in PL amplitude at the single QD level.



In order to understand the possible contributions from quenching mechanisms II & III, we

consider the charge carrier density and the current density at complete quenching around 15V.

TPD thin films are primarily hole conducting with a hole mobility U '10 "3 cm 2/Vs. 20 The

hole density p is given by

I
qS/uE

where q, S, and I represent unit charge, device area, and current respectively. At a bias of

15V, the hole density is on the order of -1015 holes/cm 3, which corresponds to one charge

carrier in a cube with a side length of -100nm. According to the energy band diagram in

Figure 3-2(c), the valence band energy level offset between the QDs and TPD impedes hole-

injection into the QDs. However, even if hole injection into the QDs were not impeded e.g.

due to Fermi level pinning or the presence of surface dipoles, the rate j of holes passing

through the cross section of a QD is given by

j = pEirR2p,

where R denotes the radius of a QD, which is -4nm. The device shows nearly complete QD

PL quenching at a bias of 15V and a current of -4mA (Figure 3-3(a)), which corresponds toj

= 5 x 105 hole/s. Within the exciton lifetime of a QD, -20ns as measured in solution, there

are only -10-2 holes passing through the cross-sectional area of a QD. Therefore, charging of

the QDs due to current should result at most in quenching on the order of 1%. If holes do not

pass through the QDs, but remain trapped in the QDs for longer periods of time, this value

could be significantly higher. However, the continuous decrease in PL amplitude at the single

QD level indicates that the trapping time for charge carriers in a QD must be significantly

lower than the binning time of 0.1 s. In addition, it is energetically unfavorable for holes to

reside on the QDs, due to the band alignment between the QDs and the surrounding TPD as

shown in Figure 3-2(c). Therefore this scenario appears unlikely. Nearby charge carries can
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also quench the QDs through energy transfer. In this case, the QD radius has to be replaced

by the F6rster radius between a charge carrier and a QD. Assuming a F6rster radius of

-5nm, 21 which is close to the radius of a QD, the probability of energy transfer from a QD to

a charge carrier is of the same order of magnitude as for charge injection, which is ~1%.

3.2.6 Reversible quenching process

The quenching process is reversible, as demonstrated in Figure 3-5. The averaged

intensity of many individual QDs could be reversibly modulated by -90% (Figure 3-5(a) &

(c)). The turning on and off times are below 5s, and are limited by a convolution of the RC

constant of the device, charge rearrangement and trap filling in the TPD, as well as the time

constants of the quenching mechanisms. The continuous decrease in on-time amplitude of

individual QDs with increasing electric field as discussed above indicates that the time scale

of the quenching mechanism is faster than the binning time of 0.1s. Therefore, the time

constant of the quenching mechanism is not the limiting factor for the turning on and off

times.
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3.2.7 Mechanism summary

Given the relatively low carrier density and unfavorable charge injection into QDs, it is

therefore likely that electric field induced exciton ionization is the dominant PL quenching

mechanism under forward bias. This interpretation is consistent with results on the electric

field induced quenching of the emission from phosphorescent organic solid-state molecular

systems 22 as well as QD films. 14 However, some contributions from quenching mechanisms

II & III cannot be ruled out.
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3.3 Conclusion

We studied the photophysics of quantum dots in solutions and thin film devices

containing Alq3 and TPD. In solution the fluorescence lifetime of QDs is significantly

shortened in the presence of Alq 3, while TPD has little effect. Solutions of quinoline or 8-

hydroxyquinoline (the chelating group contained in Alq3) also quench QD PL. This result

highlights the importance of chemical compatibility for devices containing organics and QDs.

The solution based results are consistent with our measurements on QDs embedded in solid

state devices at zero bias. By applying a bias across devices containing QDs embedded in

TPD, we can reversibly modulate the photoluminescence intensity of the QDs by 90%. An

analysis of several possible quenching mechanisms indicates that field induced ionization

dominates QD PL quenching, which implies that QDs should not be placed in high electric

field regions within QD-LED structures. Voltage dependent photoluminescence traces of

individual QDs demonstrate that the on-time amplitude of individual QDs decreases

continuously as the forward bias increases, consistent with electric field induced ionization of

QD excitons.
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Chapter 4: Electroluminescence from nanocrystals in an

electromigrated gap composed of two different metals

4.1 Introduction

Over the last years nanoscale optoelectronic devices have become of significant scientific

and practical interest. 1-6 Smaller device dimensions not only allow for higher packing

densities, but can also help elucidate the optoelectronic processes, information that is useful

for understanding and designing more efficient macroscopic nanocrystal based light emitting

diodes (LEDs) 7,' and solar cells.9 Nanoscale light sources could also find applications in

spatially resolved sensing and as tips in scanning near field optical microscopy.

A central challenge towards achieving nanoscale light sources is to identify suitable

fabrication techniques and materials. Semiconductor nanowires are very promising

candidates 2,10,11 Semiconductor nanocrystal quantum dots could lead to an even stronger

reduction in size and allows for the emission wavelength to be tuned continuously over the

entire visible range by varying the nanocrystal composition as well as its size. 10,12,13 Single

nanocrystal electroluminescence (EL) has previously been observed in organic LED

structures 6 and in inorganic devices fabricated by molecular beam epitaxy, 1,3,5,14 as well as

in planar transistor geometries 4. Planar transistor geometries are better suited for realizing

complex circuits and integration with existing silicon technology. Electroluminescence

spectra reported from single CdSe nanocrystals in planar devices, however, are very broad

and do not coincide with nanocrystal PL spectra due to inelastic scattering in the metal leads.4

Using leads made of two different metals with suitable workfunctions should help achieve

ambipolar operation and hence reduced emission from inelastic scattering. Previous studies

have employed e-beam lithography 15 and electrochemical techniques 16 to fabricate
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electrodes made of two different metals with nanometer separation. Gaps formed by

electromigration have the advantage of being very clean, because they can be opened in situ

in vacuum and under cryogenic conditions with only the molecules or nanoparticles present

that are intended to bridge the gap. 17,18 This is of particular interest when low workfunction

metals are employed, because they tend to be unstable under ambient conditions. In this

chapter, we investigate how the advantages of electromigrated gaps can be extended to

include workfunction offsets.

We present a technique for making nanoscale gaps with workfunction offsets based on

electromigrating leads composed of two different metals. Electroluminescence spectra from

plain metal gaps with and without CdSe/ZnS (core/shell) nanocrystals are qualitatively very

similar and exhibit features that are much broader than the photoluminescence spectra

obtained from the same nanocrystals. These observations can be explained by inelastic

scattering of conduction electrons in the metal leads or by electroluminescence from small

metallic clusters that can form during the fabrication process. However, electroluminescence

that spectrally coincides with nanocrystal photoluminescence can be observed in devices

containing nanocrystals formed by electromigrating Pt leads bridged with small indium

islands. This suggests that electromigrating leads made of different metals is a promising

route to fabricating nanoscale gaps with workfunction offsets for optoelectronic devices.

4.2 Experimental and results

4.2.1 Device substrates fabrication

Samples were fabricated using degenerately doped silicon substrates covered with a

300nm layer of insulating thermal silicon oxide. Macroscopic contact pads were prepared by

optical lithography, and metal bridges of gold or platinum with a thickness of 50nm and a



width of 100 to 200nm were subsequently defined by e-beam lithography. The typical

procedures for optical lithography and e-beam lithography are illustrated in Figure 4-1.The

samples were rinsed in acetone and isopropanol and descummed in an oxygen plasma asher

for 3 minutes, before being mounted in an optical cryostat designed for device measurement

at low temperature, as shown in Figure 4-2.

mask UV

acetone rinse
isoprop, rinse

development

plasma etch

spin on
resist

metal
evap.

(a)

acetone rinse spin on
isoprop.rinse resist

clean wafer

development metal
evap,.

exposure

lift off in
acetone

e-beamI

bake out

lift off in
acetone

(b)

Figure 4-1 Typical (a) optical lithography and (b) electron beam lithography procedures. The optical

lithography is a parallel process which can produce diffraction limited resolution, while electron beam

lithography is a serial process which can produce much higher resolution (e.g. -10nm or smaller). Courtesy of

Dr. August Dom.

-----0

acetor*



Single crystal quartz
with Au bonding pads

- Silver epoxy

Oxygen free copper base

Figure 4-2 Top view of the cryostat without the cover. The pale square indicates where a device should be

mounted, and then thin gold wires will be used to connect the macroscopic pads.

4.2.2 Electromigration

Electromigration was performed in vacuum at a base temperature of approximately 10K.

A scanning electron microscope (SEM) image of a typical gap formed in a gold bridge is

shown in Figure 4-3b). The resistance trace shown in Figure 4-3d) was obtained by ramping

up the voltage at a rate of 1 mV/s.
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Figure 4-3 (a) Microscope image of a device mounted in an optical cryostat under laser illumination. Dark

features are gold contacts and the bright background is the fluorescing layer of nanocrystals. (b) Scanning

electron microscope image of an electromigrated gold bridge (bright). (c) Same image as in (a) with the laser

blocked and the device electroluminescing. (d) Resistance as a function of bias during the electromigration

process for a plain gold bridge.

4.23 Electroluminescence from devices with one metal gap

Weak illumination with the 514nm line of an Ar-ion laser was used to image and focus

on the gap region (Figure 4-3a)). Then the laser was blocked and the EL was recorded as a

function of bias with an intensified CCD camera (Figure 4-3c)). Corresponding EL spectra as

a function of bias of an electromigrated gold gap are shown in Figure 4-4a). Similar spectra

were obtained when CdSe/ZnS core/shell nanocrystals with PL peaks centered around 650nm

(either synthesized in our lab according to standard schemes 19'20 or acquired from Quantum

Dot Corporation) were drop-casted before or after electromigration (Figure 4-5a). The



samples presented in Figure 4-4a) and Figure 4-5a) were particularly stable compared to

other devices. In all samples where EL was present, we observed broad features roughly

between 600nm and 800nm, sometimes exhibiting multiple peaks, regardless of whether

nanocrystals were present or not. We measured more than ten of these types of samples

including samples made by electromigrating platinum bridges, and all showed qualitatively

very similar features.
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Figure 4-4 (a) Electroluminescence spectra at a series of bias voltages for a plain electromigrated gold gap at

10K. (b) and (c) Schematics illustrating possible configurations of the electromigrated gap.



d) 1.6

1.2

0.4

0

700 740 780
Wavelength (nm)

hi el

Figure 4-5 (a) Electroluminescence spectra at a series of bias voltages for a gold gap that was electromigrated

after dropcasting nanocrystals at 10K. The nanocrystals could bridge the gap as illustrated in (b), or could be

sintered and fused onto the leads by the heat of electromigration as depicted in (c).

4.2.4 Devices with In/Pt Bimetal Gaps

For the In/Pt bimetal samples, I pm wide platinum leads with a gap of 100nm and a

thickness of 50nm were fabricated by e-beam lithography. The samples were rinsed in

acetone and isopropanol and descummed in an oxygen plasma asher for 3 minutes, before a

thin layer of indium was evaporated through a shadow mask over the entire gap area. As

A\

V/



shown in Figure 4-6a)-d), thin indium films break up into small islands during the

evaporation process. The diameter of the indium islands can be tuned by the layer thickness,

which makes it possible to control the degree of bridging of the indium islands across the

100nm wide gap between the platinum electrodes. A 50nm thick indium film leads to an

island diameter of about (190-30)nm (Figure 4-6a)), which is considerably larger than the

-100nm gap between the platinum electrodes. Islands of this size that bridge the gap can heat

up during electromigration, and form liquid droplets that can persist up to very high

temperatures leading to significant thermal stress before the gap opens (Figure 4-6c). This

can be prevented by using a 20nm indium film that forms islands with diameters of about

(80-20)nm, which is close to the gap width of the platinum electrodes. In this case, the

samples before and after electromigration were indistinguishable in our SEM with a

resolution of about 5nm (Figure 4-6d)). The resistance of the indium covered platinum gaps

varied widely because of random configurations of indium islands in the gap. Nanocrystals

were dropcasted as described above for the plain metal samples, before electromigration was

performed. The resulting nanocrystal layers had a thickness of 20-100nm and tended to be

inhomogeneous owing to the metal electrodes. An alternative method was to soak the

samples in a solution with 5mM 1,6-hexane dithiol in ethanol for more than 24h, and then to

immerse them in a hexane/nanocrystal solution for approximately 12h. Electroluminescence

spectra as a function of bias for devices fabricated by the first and second method are shown

in Figure 4-6e) and f) respectively. Of the nine devices measured, five showed EL that

coincided with nanocrystal PL, two exhibited broad, non specific spectra, and two were

insulating.
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Figure 4-6 (a) Scanning electron microscope (SEM) image of a 100nm wide platinum gap covered with a

50nm thick indium film that has broken up into islands. During electromigration the indium can melt and is

drawn into the gap by electrostatic forces (b). At even higher biases, the gap will "burn" open (c). If only 20nm

of indium are deposited, smaller islands form and there is no visible difference after electromigration at the

resolution of our SEM (d). In all images the scale bar corresponds to 250nm. The upper panels in (e) and (f) are

color plots of bias dependent EL spectra of tow devices as shown in (d) covered with nanocrystals. The lower

graphs compare the EL spectra at a given bias with photoluminescence spectra taken at the same position on the

devices. (g) and (h) Possible configurations of In/Pt gaps covered with nanocrystals.

In the plain metal samples, EL can arise from different configurations. As shown in

Figure 4-4b, direct tunneling across a small gap can lead to light emission as observed in

scanning tunneling microscopes, where tunneling electrons can trigger plasmons in the probe

tip and/or substrate. 21-23 Small metal clusters can also be present in electromigrated gaps

(Figure 4-4c) and lead to EL as described by Gonzalez et al.. 24 Multiple peaks can arise from

several metal clusters being excited simultaneously. The spectral features observed in our

measurements (Figure 4-4a) are consistent with these earlier reports. High energy dissipation

in the gap leads to continued electromigration during operation and limits the stability of the

devices. As a result, strong fluctuations in EL intensity and spectra were often observed and

some contributions from black body radiation could sometimes be present.25

4.3 Discussion

A schematic of an electromigrated gap covered with nanocrystals is shown in Figure

4-5b). If the nanocrystals are deposited before electromigration, it is possible that some of the

nanocrystals sinter and fuse onto the leads as illustrated in Figure 4-5c). Electroluminescence

spectra from devices where nanocrystals were deposited before or after electromigration were

very similar and comparable to those observed in plain metal samples and as reported for



single CdSe nanocrystal transistors. 4 This confirms that EL in these types of samples is

dominated by inelastic scattering and plasmon modes in the metal leads and /or metal clusters

rather than by radiative recombination of excitons in the semiconductor nanocrystals. The

main reason for this is probably asymmetric coupling and pinning of both leads to either the

valence or conduction bands of the nanocrystals. 4,26

Nanocrystal

Au 5.1
Pt 5.65

4.12 In

5.1 Au

TOPO

Figure 4-7 Work functions of gold, platinum and indium 27 relative to the valence and conduction band levels

of a CdSe/ZnS nanocrystal. 28

In order to overcome this problem, we fabricated gaps containing indium and platinum as

described above, which have a workfunction offset of 1.53eV 27 (Figure 4-7). This should

facilitated hole injection into the nanocrystals from the platinum contacts and electron

injection from the indium contacts .26,28 An additional advantage of using indium is that it has

plasmonic features to the blue of the nanocrystal emission 29,30 which prevents exciton energy

transferring from the nanocrystals to the indium plasmons. These devices are capable of

emitting EL that spectrally coincides with PL spectra of the nanocrystals, as shown in Figure



4-6 e) and f). A schematic of an ideal configuration for ambipolar operation is shown in

Figure 4-6g).

Single, isolated, nanocrystals of the type used for our devices typically have PL spectral

widths <1 nm at a temperature of 10K. The larger PL peak widths of films of nanocrystals

(FWHM: 20-30nm at 10K) are due to ensemble broadening arising from small variations in

nanocrystal size as well as spectral diffusion. It should also be noted that PL spectra of films

of nanocrystals are dominated by the larger nanocrystals, because excitons in smaller

nanocrystals tend to undergo F6rster energy transfer to larger nanocrystals in their vicinity

before radiatively recombining. In EL, the very small gap widths as shown in Figure 4-6a)-d),

together with the fact that tunneling is extremely sensitive to small differences in

nanocrystal/lead coupling, heavily favors conduction through the point of strongest coupling

as in a scanning tunneling microscope. It is therefore probable that only a few nanocrystals

are electrically active. The blue sides of EL spectra are dominated by the smallest

nanocrystals being electrically excited and can be expected to show sharp rises typical of

single nanocrystal PL peaks. As in PL from nanocrystal films, subsequent F6rster energy

transfer to larger nanocrystals close to the electrically active nanocrystals, will result in long

tails to the red that coincide with the ensemble PL spectra. Therefore the EL spectra in Figure

4-6e) and f) were scaled to match the PL spectra at wavelengths longer than 660nm. The

shapes of the complete EL and PL spectra, however, are qualitatively different from each

other. In Figure 4-6e) the peak rising out of the EL spectrum around 650nm is significantly

sharper than the ensemble PL peak, indicating that only a small number of nanocrystals are

being preferentially electrically excited.

Interestingly, the EL spectrum at 12.8V in Figure 4-6f) exhibits two peaks, a small one

centered around 620nm and a larger one centered around 650nm, that are enveloped by the

PL spectrum taken at the same position. The sharp rise on the blue side of the large EL peak



in Figure 4-6f) is consistent with a small number of electronically active nanocrystals. The

long tail to the red coincides with the ensemble PL spectrum and may be caused by spectral

diffusion and/or F6rster energy transfer to larger nanocrystals close to the nanocrystals active

in EL, as discussed above.

In contrast to samples containing only one kind of metal, EL in the In/Pt samples was

typically observed at voltages significantly higher than the corresponding energy of the

emitted photons. This could be a result of configurations as depicted in Figure 4-6h), where

two or more platinum/nanocrystal/indium junctions are connected in series with opposite

polarity, one in reverse bias and the other in forward bias. A configuration with

platinum/nanocrystal/indium/gap/platinum is also possible. These configurations are likely

since indium does not easily wet platinum, as appears to be the case from the SEM images in

Figure 4-6(a-d). In either of these configurations most of the voltage drops over the tunneling

gap or junction that is in reverse bias, while the nanocrystals in forward bias luminesce.

These configurations strongly reduce device efficiency and require higher operating voltages,

but still maintain the device's ability to emit EL that spectrally coincides with nanocrystal PL.

Another possibility is that tunneling between indium islands could trigger plasmons to the

blue of the nanocrystal PL, which would subsequently excite nearby nanocrystals by energy

transfer. However, we were not able to observe any emission to the blue of the nanocrystal

PL in any devices, including those without nanocrystals.

4.4 Conclusion

In conclusion, we have shown that electromigrating junctions containing two metals with

different melting points and workfunctions can be used to fabricate nanoscale optoelectronic

devices that exhibit electroluminescence, which spectrally coincides with the

photoluminescence of the material in the gap. In contrast, gaps formed by electromigrating
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only one metal show broad electroluminescence spectra originating from inelastic scattering,

as has been reported previously. In addition, electromigrating gaps containing indium places

less thermal stress on the particles intended to bridge the gap than if noble metals are used.

This could be of particular interest when heat sensitive particles or molecules are present. The

technique of bimetallic electromigration presented here should be extendable to many other

combinations of metals, thus opening a promising route to fabricating a wide range of

nanoscale optoelectronic devices.
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Chapter 5: Three-dimensional sub-diffraction-limited single

fluorophore imaging of proteins near the cell membrane:

application to the endothelial glycocalyx

5.1 Introduction

5.1.1 Three-dimensional single fluorophore imaging with quantum dots

Three-dimensional (3-D) single fluorophore imaging is challenging but important for a

range of applications that use single molecule fluorescence imaging, for example in cell

biology'- 5. Simultaneous multi-type particle tracking in 3-D with high spatial resolution is

especially challenging. Fluorescent semiconductor nanocrystals (quantum dots or QDs) serve

as ideal candidates for multiplexed imaging because of their chemical versatility and spectral

tunability, and they have already been used in various imaging applications in biology 6"'1 . A

property of QDs that has not yet been used, however, is the ability of individual QDs to

provide high 3-D spatial resolution. This study examines the use of individual QDs to resolve

molecular structures much smaller than the wavelength of light, and demonstrates the

multiplexed imaging of sub-micron objects in 3-D in living cells, focusing on the structure of

the endothelial glycocalyx layer.

The accepted limit for the resolution of an optical microscope is given by the Rayleigh

criteria, 0.61/JNA, where X is the wavelength of the emitted light being recorded and NA is

the numerical aperture of the receiving optics. If the emitting source is small compared to the

wavelength of the emitted light, a detector focused on the source with a spatial resolution

much smaller than the wavelength would record a diffraction limited spot. The center of the

spot can be accurately determined by two dimensional Gaussian fitting, providing sub-



diffraction limited resolution within the imaging plane. This method was described

theoretically by Thompson et al.12 and demonstrations using a single QD or an organic

molecule as the fluorescent source have been shown, for example by Jonas et al. and Yildiz et

al.13 '14 . Thus, isolated emitters can be located in the focal plane of a microscope with much

higher resolution than what conventional design rules would suggest.

In order to measure displacements along the optical axis (the Z direction), Speidel et al."

demonstrated an off-focus 3-D imaging method for fluorescent microbeads which provides

nanometer spatial resolution 15. However, the relatively large size of microbeads (-200nm and

larger) limits their applications in many biological investigations. In contrast, the size of QDs

can vary from 5 to 20nm which is suitable for protein tracking in biology. Data are presented

here on the accuracy and repeatability of measuring the position of QDs in the z direction

with 15 nm resolution. Because of the wide absorption band of all QDs and the narrow

emission band of an individual QD, several distinct emitters can be used simultaneously with

a single excitation source. If different QDs are attached to different objects, the objects may

be tracked independently and continuously. In addition, the photostability of QDs is

significantly better than conventional organic fluorophores 9, and this facilitates long term and

high sensitivity fluorescence imaging. Taking advantage of these attributes, it is possible to

track biological targets in living cells with a spatial resolution of nanometers.

5.1.2 Biological objective

The biological research objective of this chapter is to determine the thickness of the

glycocalyx layer on the apical surface of vascular endothelial cells in culture using QDs. The

endothelium provides a protective surface to arteries,'" 17 and the glycocalyx has been found

to be absent in areas prone to atherosclerotic lesion formation .18 For many years, the

potential importance of the glycocalyx to the function of the vascular endothelium was not

94



fully recognized. A number of papers have recently demonstrated its importance 19-23 and

several excellent reviews have appeared .24 25-27 The measurements reported here are the first

to our knowledge to make a direct determination of the glycocalyx thickness on a living cell.

The results are consistent with indirect measurements using electron microscopy 28 and

observations of refractive changes near the surface of microvessels. 19,29-31

5.2 Results

5.2.1 Imaging scheme

In order to demonstrate the capability of the imaging method, quantum dots (QD655:

refer to Materials section) were spin-coated onto a piece of smooth cover glass (RMS

roughness value of <Inm from atomic force microscope measurements). The = 514 nm

line of an Ar-ion laser was used as the excitation source with a typical intensity of -20W/cm 2.

Images were taken using a 100X oil immersion objective (Nikon, Plan Apo, NA=1.4) and an

intensified CCD Camera (Pentamax, Princeton Instruments) with an effective pixel size of 90

nm which can vary depending on the magnification.

5.2.2 3-D imaging method with single quantum dots

The method uses a standard epifluorescence microscope (Chapterl, Figure 1-8) in off-

focus mode and allows the potential tracking of particles with 100-ms temporal resolution.

When QDs are in focus, the fluorescence from each individual QD appears as a bright spot.

As a QD is moved away from the focal plane and towards the objective by a piezo stage,

complex ring patterns form due to the diffraction of the emission from each QD as shown in

Figure 5-1.
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Figure 5-1 Representative images of single QDs recorded with increasing z displacement by I lm steps.

To obtain the radius of the outermost ring for each diffraction pattern, which indicates the

z-position of the particle as demonstrated by Speidel et al.,' 5 we fit the intensity profile

integrated along a radius to a multi-Gaussian function . The detailed procedure is illustrated

in Figure 5-2. At each z position, we can use the above method to extract the three

dimensional position of individual QDs. The z-positions of individual QDs have a linear

relationship with the outmost ring radius of their diffraction patterns, as illustrated in Figure

5-3 for two individual QDs. Assuming the substrate holding the QD is perfectly flat, the

calculated focal points of the two QDs (in Figure 5-3) below the microscope differ by only 10

nm. We take this as one measure of the accuracy of the z measurement.
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Figure 5-2 Gaussian fitting method to determine the outermost ring radius. Once a quantum dot (QD) (insert

of (a)) was chosen from a camera image of several defocused QDs (a), the radial integration* of photon intensity

from the center of the QD is plotted against the radial distance (blue in (b)), and fitted to a multi-Gaussian

function to calculate the center of the outermost ring (fitting result shown as the red curve in (c)). It should be

noted that the ring size of a QD grows considerably larger while z displacement from focus is increased. So it is

not uncommon to observe moderate overlapping rings of two QDs in one image. Therefore, in order to avoid

potential signal interference introduced by neighboring QDs, it is sometimes more desirable to partially integrate

the intensity rather than a complete 360 degree radial integration. Taking the QD in the insert for example, the

intensity in the overlapped region (spanning over about 1/6 of the circle) was excluded in our calculation to

improve accuracy.
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Figure 5-3. The distance z above an arbitrary datum for two individual QDs (a) and (b) as a function of the

radius of the outer ring of the diffraction pattern. Data for each individual QD were fit with a straight line and

the intersection points for zero radius on the z axis for (a) and (b) were 13.7401pm and 13.7501m, respectively, a

difference of 10 nm.

A second measure of the accuracy of the method is given by the standard deviation of the

outermost ring sizes for several QDs at the same image plane, again assuming a perfectly flat

substrate perpendicular to the optical axis of the microscope. This standard deviation was

21nm for 5 QDs when they were 2pm away from focus. A final dynamic test was made by

displacing the microscope slide vertically by 50 nm + 1 nm using a 0.1 Hz square wave motion.

The results, shown in Figure 5-4, illustrate the mean and standard deviation of the measured

positions of a single QD with repeated realizations of the image analysis. The difference

between the means of the two displacements in Figure 5-4 was 54 nm as shown by the red line.

The standard deviation around each mean, taken as a measure of the repeatability of the

analysis procedure on noisy images, was +9 nm.
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Figure 5-4 Position tracking of a QD655 on a piece of cover glass. The QD position (star) was modulated with

a square wave with an amplitude of 50nm (stage reading) and a frequency of 0.1Hz. The solid red curve serves

as a guide to the measured mean displacement

We also investigated the chromatic aberration of our imaging system by imaging three

types of QDs simultaneously, as shown in. The results indicate that the slopes, AA r , are

independent of wavelength in our detection system. However, the slope Az will change

with a different microscope objective.
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Figure 5-5 The distance z above an arbitrary reference for each individual QD as a function of the radius of

the outer ring of the diffraction pattern. (a), (b), and (c) are for 565nm, 605nm, and 655nm emission QDs

respectively. Data for each individual QD were fit with a straight line with the summarized results in Table 5-1.

QD565, QD605 and QD655 were mixed in solution, and then spun on a piece of cover slip. The images were

taken in different spectral channels specifically for QD565, QD605 or QD655. The nearly identical slopes and

intercepts in Supplemental Table 1 show that color aberrations in our system are minimal.

565nm QD (a) 605nm QD (b) 655nm QD (c)

A(Pm) 6.574±0.064 6.597±0.055 6.516±0.031

(gjm/pixel) 0.061±0.003 0.062±0.003 0.062±0.001

Table 5-1 Linear fitting results with function z = A + B*Radius.

5.2.3 Measuring the thickness of glycocalyx in vitro

Utilizing the above methods, we measured the thickness of the glycocalyx on living

bovine aortic endothelial cells in vitro. The glycocalyx, cell membrane, and endosomes in the

cytoplasm were labeled with QD655, QD605, and QD565, respectively, as illustrated in

Figure 5-6. The cytoplasmic QDs are trapped in vesicles that have been endocytosed, and will

therefore be found across the entire thickness of the cell cytoplasm. The membrane QDs are
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targeted to PECAM-1, a protein found only in the membrane. The glycocalyx QDs have

antibodies to the heparin sulfate found in the glycocalyx.

Glycocalyx.

Endothelial monolayer on glass substrate

Figure 5-6 Schematic illustration of QD conjugation to endothelial cells, labeling intracellular vesicles (QD565,

in green), membrane PECAM-1 (QD605, in orange), and heparin sulfate in glycocalyx (QD655, in red). QD565

were added in the growth medium to be transported inside by cells through endocytosis; QD605-IgG particles

adhered to antibody attached PECAM molecules through IgG interaction; and QD655-streptavidin recognized a

biotin-conjugated heparan sulfate glycosaminoglycan antibody.

Individual cells were first identified with QD565 signals, and thus images for QD605 and

QD655 on the same cell could be recorded later by switching spectral filters. Ring patterns

were recorded for a series of settings of the z-axis of the microscope 500 nm apart and the

data then subjected to further analysis, as illustrated in Figure 5-7.
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Figure 5-7 Schematic illustrations of the method to assert the relative z-distance between two QDs. (a) The

sample was scanned on successive focal planes. (b) The radius of the outermost ring for each QD was calculated

by Gaussian fitting, and referred to the calibration curve to determine their z-position. The relative distance

between the two types of QDs indicates the thickness of glycocalyx.

Once the cell sample was fixed onto the microscope stage, a band pass filter (520nm to

590nm) was used to pass exclusively the photons from QD565 to locate individual cells. The

nano-positioner was then placed to a reference position so that the focal plane of the objective

fell in the medium outside the cell body, where the camera started to capture images at a

frame rate of 5Hz. As the scanning plane moved toward and through the cell in 0.5 pm

increments, ring patterns of the same QDs changed accordingly and QDs originally with

larger z displacements appeared. After completing the collection of QD565 signal, we

switched to the band pass filter from 590nm to 620nm for QD605 and the band pass filter

from 630nm to 680nm for QD655 respectively, and scanned through the cell again.
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Figure 5-8 (a), (b) and (c) are representative images of QD565, QD605 and QD655 recorded at the same

scanning plane. As QDs of different colors appeared with different ring sizes scanning at the same z-plane, the

relative position of the three layers (vesicle, PECAM and glycocalyx) inferred from the data corroborates with

common perception of their physical location.

When comparing the images of the three types of QDs with a fixed optical focal plane

(Figure 5-8), the ring patterns that indicate vesicles (QD565) are the furthest from the focal

plane and the rings indicating the glycocalyx (QD655) are the closest to the focal plane. The

relative positions of all three layers are consistent with the known physiological structure of

the cell, with the glycocalyx being the outermost layer and the vesicles being in the

cytoplasm.

After processing all the data for QD565, QD605 and QD655, the precise location of each

QD was determined by obtaining x-, y- positions from Gaussian fitting of the central spot,13

and z- position from referring the ring radius to the calibration curve. Thus, we have located

within one cell, seven vesicle-QDs, eight membrane-QDs, and thirteen glycocalyx-QDs, as

shown in Figure 5-9. The maximum z-distance between vesicle-QDs and glycocalyx-QDs is

roughly 3.5 gLm, on the order of the known cell body height near the nucleus. The reference

plane at z = 4.12jtm (green) is the average z position of the PECAM-conjugated membrane-

QDs (yellow markers), which indicates that the glycocalyx-QDs (red markers) are located

uniformly on the extracellular side of the membrane.
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Figure 5-9 (a) Three-dimensional mapping of all QDs in space, including vesicles (green), PECAM (yellow),

and glycocalyx (red). The reference plane set at z=4.12 plm, the average z position of PECAM QDs, indicates

the relative position of PECAM and glycocalyx. (b) X-y- plane projection of the same QDs gives an additional

view of their spatial relationship. Two-dimensional mapping providing the detailed spatial position of each QD,

including glycocalyx-QDs (red), PECAM-QDs (yellow) and vesicle-QDs (green).

The data in Figure 5-9 can be used in two ways to measure the thickness of the glycocalyx

on the living endothelial cell. The first method is to pick a pair of proximate QDs, one

associated with the glycocalyx and the other associated with the membrane, and subtract the z

locations to get the height of the glycocalyx. As illustrated in Figure 5-9 (b), the closest pair

(indicated by a red circle) yields a height of 290 nm, comparable to the 300-400 nm

thicknesses expected from in vivo measurements. 19 The difficulty with this method is that

there are large spaces between the randomly-distributed QD of different colors, and finding

sufficient pairs to obtain significant averages is difficult.

A second approach is to first take the QDs conjugated to membrane-bound PECAM and

use these data to construct a 3-D map of the cell surface. Assuming the PECAM-QDs are on

the flat cell membrane, the average distance from glycocalyx-QDs to the reference plane in

Figure 5-9 (a) gives a rough measure of the thickness of glycocalyx, which is 0.34 +0.091.m.

Another approximation is to assume that the local cell surface is ellipsoidal and the curvature
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is continuous, as found in the measurements of the endothelial surface made with atomic

force microscopy. 32 The result of this fit of the eight membrane QDs in Figure 5-9 is shown

in Figure 5-10. The z-distance of each individual glycocalyx-QD above membrane can be

calculated by comparing its z coordinate to the z-position of the membrane directly

underneath it. The mean and standard deviation of the z distances provide an estimate of

average glycocalyx thickness on the cell of 0.35 +0.17ýtm, which is consistent with the results

of Vink and Duling19 and van den Berg et al..28 We note that the large standard deviation is

also consistent with the highly irregular glycocalyx observed in electron microscopy.33
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Figure 5-10 Ellipsoidal fitting for 8 PECAM QDs (yellow markers) generates a simulated membrane surface

just beneath the glycocalyx layer (red markers). The hollow space encompassed by intracellular vesicles (green

markers) indicates the presence of the nucleus.
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5.3 Discussion

We demonstrate an optical imaging method capable of imaging proteins labeled with QDs

in three dimensions with nanometer spatial resolution. This 3D imaging method may be

implemented in a number of important biological investigations, overcoming barriers that

limit other tracking techniques. Utilizing this method, we have for the first time mapped the

endothelial glycocalyx layer of a living cell in three dimensions, and estimated the in vitro

thickness of this endothelial surface layer. The two estimation methods we applied yield

similar glycocalyx thicknesses, both comparable to results previously reported from in vivo

observations. 18,19

Further experiments on multiple cell types as well as different biochemical environments

and in the presence of physiologically-relevant mechanical forces such as fluid shear stress

could yield a rich and novel view of the glycocalyx and its structure. If portions of the

glycocalyx are removed with enzymes such as heparinase 3, can the changes in the

glycocalyx structure and function be accurately ascribed to changes in the layer thickness?

How does the glycocalyx behave when transient fluid shear forces are applied? How do the

permeability properties of the glycocalyx affect molecular transport?

In the static conditions reported here, there is time for the QDs to diffuse in from the

medium to find appropriate targets at the exterior boundary of the glycocalyx and even at the

membrane. According to the dynamic light scattering (DLS) measurements, QD565, QD605

and QD655 have hydrodynamic diameters of 9.4nm, 21.7nm and 29.3nm respectively, and

effective molecular weights of 128 kDa, 892 kDa, and 1808 kDa respectively. Thus, these

QDs can potentially be used for measuring molecular exclusion based on size. An increase in

the density of glycosaminoglycan elements could potentially impede diffusion of the QDs

from the medium toward the cell surface. Vink and Duling34 found that the glycocalyx on

capillary endothelium excluded neutral or anionic dextrans with a molecular weight greater
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than 70 kDa, whereas these same particles bound to bovine serum albumen (67 kDa) passed

freely to the cell membrane. Fibrinogen (340 kDa) also passed through to the surface in a

time on the order of 40 minutes. These times are very long compared to the calculated time

of 0.5 ms for unhindered diffusion in plasma for a spherical molecule with the molecular

weight of fibrinogen. The exact physics of the glycocalyx exclusion mechanisms appears to

be complex and worthy of additional study. Clearly molecule shape and other factors such as

potential charges on the molecules are dominant factors in the diffusion process. Absence of

the glycocalyx could greatly increase transport of large molecules, as well as whole cells such

as leukocytes, to the cell surface.

We note that another interesting optical aspect of QDs is that the polarization of their

emission can provide orientational information35, and Brokmann et al used this to track the

orientation of a single membrane receptor in a live cell 36. Therefore, our method could in

principle provide not only the 3-D positions of particles with nanometer spatial precision, but

also their rotational dynamics.

5.4 Materials and methods

Primary bovine aortic endothelial cells (BAEC-77, passage 10-15) were cultured in

DMEM supplemented with 10% fetal calf serum, 1% L-glutamine, and 1% penicillin-

streptomycin. Before seeding, cell culture flasks and glass slides were coated with 0.2%

gelatin at room temperature. Microfluidic chambers (from Ibidi) were coated with fibronectin

to promote cell attachment in micro-environment. Cell cultures were kept in a humidified

incubator maintained at 370C, with 5% CO2 and 95% air.

Three sets of CdSe/ZnS (core/shell) QDs were involved in the experiments: QD655,

QD605 and QD565 with the emission wavelengths centered at 1 = 655nm, 605nm and 565nm

respectively. QD655 coated with streptavidin were obtained from Quantum Dot Corporation;
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QD605 coated with IgG were from Invitrogen; and QD565 coated with PEG-OH were

synthesized in our laboratory.

After cell monolayers reached confluence in the Ibidi chamber, three layers of QDs were

attached to the cell as shown in Figure 5-6. Cells were incubated in culture medium with 5nM

QD565 for 15min at 370C to allow QD565 to be incorporated into intracellular vesicles via

endocytosis. After five quick rinses in DPBS to remove excessive QDs in solution, cells

were chilled on ice for 10min and blocked with 2% goat serum and 2% BSA for 20min to

reduce nonspecific background staining. To label the heparan sulfate glycosaminoglycans

(HSGAG) in the glycocalyx layer, cells were incubated with 5 gg/mL heparan sulfate biotin

antibody (US Biological) for 20 min and washed three times with DPBS. Cells were

subsequently incubated with 2nM QD655 for 15 min, and later washed with DPBS. After

completing glycocalyx staining, cells were washed three times and incubated with 30gg/ml

PECAM-1 IgG antibody (AbD Serotec) for 15min. Finally, QD605 with anti-IgG antibody

were added in a final concentration of 2nM to stain platelet/endothelial cell adhesion

molecule 1 (PECAM-I, same as CD31). The cell labeling procedure was performed on ice so

as to limit QD endocytosis during the incubation procedure, with the only exception of

QD565. Prepared cell samples were transferred onto the nanopositioning stage (Physik

Instrumente, P-527) and imaged right afterwards at room temperature.

5.5 Conclusion

We demonstrate nanocrystal based sub-diffraction-limited single fluorophore imaging of

labeled cellular proteins with high spatial precision, typically 4 nm in the X-Y plane and 15

nm in the Z direction along the optical axis of the microscope. The technique relies on the

analysis of the diffraction pattern of point sources that are slightly out of focus.
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Semiconductor nanocrystals are ideal candidate probes because of their small size, their high

photostability, and the fact that nanocrystals of different emission wavelengths can be

functionalized to attach to different cellular proteins, thus allowing sub-diffraction limited

imaging of multiple different proteins simultaneously. This article describes the technique,

applies it to directly measure the thickness of the apical glycocalyx on living endothelial cells

in vitro, and suggests other biological applications that cannot be spatially resolved using

normal optical microscopy techniques.
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Chapter 6: Flow induced dynamics of the endothelial glycocalyx

6.1 Introduction

As described in Chapter 1, the luminal surface of human arteries is lined with a

continuous layer of vascular endothelial cells, which plays an important role in maintaining

vascular integrity. Over the past decade, a series of studies have demonstrated the presence of

a thin glycosaminoglycan layer called the endothelial glycocalyx layer (EGL), decorating the

endothelial membrane and associated with a number of physiological implications in the

vasculature. 1-4 The dynamical response of arterial vascular endothelium to fluid shear stress

has been found to be significantly altered by glycocalyx on the apical surface of the cells.

This has led to increasing interest in studying the potential significance of the glycocalyx in

regulating vascular functions, and several recent studies have approached the issue in the

context such as mechanotransduction, endothelial permeability, leukocyte attachment and red

blood cell passage. 2,5s-i Since the glycocalyx serves as an interface between the endothelial

cells and the flowing blood where mechanical deformation of both sides occur, the extent of

our understanding on how forces cause the intracellular biochemical responses relies heavily

on the answer to one key question - what are the mechanical properties of the glycocalyx?

For bulk endothelial cells and skeletal structures, a number of existing experimental

techniques are available for measuring their mechanical properties, including micropipette

aspiration, cell indentation, optical traps, magnetic twisting, and atomic force microscopy

(AFM). 12-14 However, to our knowledge, there has not been a direct elasticity measurement

performed on the core structure of the glycocalyx. The sub-micron dimension and the fragile

polysaccharide nature of the layer have created great challenges for the application of
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conventional mechanical probing techniques, thus most studies in the field still stays in the

theoretical stage. Among them, a majority of the theoretical models developed to examine

the mechanical properties of the glycocalyx were based on experimental studies by Vink et

al. ,15,16 in which the glycocalyx was observed to be crushed to -20% of its original thickness

by the passage of a leukocyte through a capillary. A model developed by Weinbaum et al. 8

treats the core proteins in the glycocalyx as elastic fibers and estimates the flexural rigidity

(El)of the layer to be 700 pN-nm2, about 1/20 of the measurement on an actin filament. 14

This model predicts that the tip deflection of a single fiber under a fluid shear stress of I Pa at

the edge of the glycocalyx is less than 10 nm.' 7 More recently, Han et al. 16 proposed a large

deformation model in which the El of the glycocalyx is estimated to be 490 pN-nm2 .

Although those models provide some insights on matrix characteristics from theoretical

perspectives, there has always been a great desire to develop proper experimental approaches

to find the mechanical properties of the glycocalyx directly. Therefore, in order to measure

the elasticity of an intact glycocalyx layer on living cells, we have developed a single

fluorophore imaging technique using quantum dots (QDs) to observe the dynamics of the

glycocalyx under oscillatory flow for measuring matrix deformation caused by the flow. As

detailed in Chapter 1, QDs have been widely used in single particle tracking experiments,18- 20

because of the interesting optical properties and chemical versatility. In a recent paper, Jonas

et al. demonstrated the capability of detecting QD-labeled proteins with nanometer spatial

resolution and sub-second temporal resolution .21 In Chapter 5, we developed a QD based

three dimensional sub-diffraction limited single fluorophore imaging method, and applied it

the thickness measurement of glycocalyx in vitro.

In this chapter, we apply single particle imaging techniques to investigate the flow-

induced dynamics of the glycocalyx in vitro, by labeling heparan sulfate glycosaminoglycans

(HSGAGs) in the glycocalyx layer with QDs. The individual heparin sulfate molecules in
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vitro are tracked at multiple levels of steady shear stress from 5 to 20 dynes/cm 2. The

motions of individual QD were found to range from 60 nm to 1200 nm and vary from cell to

cell and point to point on a single cell at different levels within the EGL. Our data shows that

under a shear stress of 15 dynes/cm 2, the layer deforms -108 nm on average, with a standard

deviation of 77nm suggesting variation from cell to cell and point to point on a single cell.

With the method detailed in Chapter 5, we found the unstressed in vitro thickness of the EGL

to be -350nm. At a shear stress of 15 dynes/cm2, the average Young's modulus is then

estimated to be -5 Pa, which is significantly softer than that of an endothelial cell.22-24 The

results confirm the highly elastic gel nature of the glycocalyx layer in which major

deformation occurs at physiological levels of fluid shear stress.

6.2 Materials and methods

6.2.1 Cell sample preparation

Three sets of CdSe/ZnS (core/shell) QDs were involved in the experiments: QD655,

QD605 and QD565 with the emission wavelengths centered at = 655nm, 605nm and 565nm

respectively. QD655 coated with streptavidin were obtained from Quantum Dot Corporation;

QD605 coated with IgG were from Invitrogen; and QD565 coated with PEG-OH were

synthesized in our laboratory.

Primary bovine aortic endothelial cells (BAEC-77, passage 10-15) were cultured in

DMEM supplemented with 10% fetal calf serum, 1% L-glutamine, and 1% penicillin-

streptomycin. Before seeding, cell culture flasks and glass slides were coated with 0.2%

gelatin at room temperature. Microfluidic chambers (ibidi, Munich, Germany) were coated

with 100gg/ml fibronectin to promote cell attachment in micro-environment. Cell cultures

were kept in a humidified incubator maintained at 370C, with 5% CO2 and 95% air.
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To visualize the glycocalyx layer on the apical membrane of endothelial cells, two sets of

QDs (QD565 and QD655) were attached to cells after endothelial monolayer reached

confluence in the microfluidic chambers. First, cells were incubated in culture medium with

5nM QD565 (synthesized in our lab) for 15min at 370C to allow QD565 to be incorporated

into intracellular vesicles via endocytosis. After five times quick rinses in DPBS to remove

excessive QDs in solution, cells were chilled on ice for 10min and blocked with 2% goat

serum and 2% BSA for 20min to reduce nonspecific background staining. Next, to label the

heparan sulfate glycosaminoglycans (HSGAGs) in the glycocalyx layer, cells were incubated

with 5 glg/mL heparan sulfate biotin antibody (US Biological, MA) for 20 min and

subsequently with 2nM streptavidin-QD655 (Invitrogen) for 15 min. Cell samples were

washed at least three times in DPBS during incubation intervals to minimize nonspecific

binding and to remove unattached antibodies and QDs. The HSGAGs labeling procedure was

performed on ice so as to limit QD endocytosis during incubation. Afterwards, cell samples

were transferred quickly onto a nanoposition stage (Physik Instrumente, P-527) and imaged

at room temperature.

In control experiments, a different set of QDs (QD605) were used to label membrane

proteins PECAM-I (also known as CD31). In this case, instead of using the heparan sulfate

antibody, cells were incubated with 30gpg/ml PECAM-1 IgG antibody (AbD Serotec) for 15

min and subsequently with 2nM IgG-QD605 solution for another 15 min. The PECAM-1

labeling procedure was also performed on ice to minimize endocytosis.

6.2.2 Flow system setup

A high-precision peristaltic pump (ISMATEC) was used to generate oscillatory flow

through the microfluidic chamber to subject endothelial cells to shear stress. The most

common flow profile used in the experiments included continuous cycles that each consists
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of 2-second forward flow and 2-second backward flow. Based on the geometry of the

microfluidic chamber, at a flow rate of 9 ml/min, the shear stress exerted on cells is 15

dynes/cm2.

6.23 Optical setup

The basic flow of the setup is illustrated in Figure 1-8. A collimated laser beam from an

Ar-lon laser (1=514nm) was passed through a defocusing lens and a 100X oil immersion

objective (Nikon Plan Apo) to illuminate a circular area with a diameter of -40jtm of the

sample positioned on an xyz-nanoposition stage (Physik Instrumente, P-527). Photons

emitted by the QDs in the excitation volume were reflected by a beam splitter to pass through

an imaging lens, a notch filter and detected by an image intensified camera of 12-bit

resolution and 512 pixels x 512 pixels (iCCD camera, Pentamax). To circumvent undesirable

photo-bleaching of QDs during continuous excitation 21, the laser intensity was tuned in a

range of 0.1 ~ ImW in our experiments.

6.2.4 Data acquisition and analysis

Images from the iCCD were captured by the WINspec data acquisition software and

saved as SPE files. Individual cells were first located by identifying vesicles using QD565

signals collected through a filter (513-591 nm). Once a cell region had been selected, a

different band-pass filter (630-670nm) was used for recording signals of the Glycocalyx-

attached QD655 in that region. To track the location of a QD in an image, a custom-written

Matlab program was developed to fit the point spread function (PSF) of the QD to a two-

dimensional (2D) Gaussian function. The centroid of the Gaussian spot in successive frames

was then used to determine the trajectory of the QD over time.
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6.3 Results

6.3.1 Flow-induced dynamics of the endothelial glycocalyx

After QDs are successfully attached to the HSGAGs in the glycocalyx layer, the

microfluidic chamber holding the cell sample is connected in a flow system, in which cyclic

shear stress is applied to the endothelial monolayer. The magnitude of shear stress,

determined by chamber geometry and flow rate, is typically controlled at 15 dynes/cm 2 with a

flow rate of 9ml/min. Once the flow chamber is immobilized on the nanoposition stage,

images of QDs in a selected region are recorded during flow application.

Figure 6-1(a) is a representative image during a movie where the motion of QDs induced

by a 0.25Hz cyclic flow is recorded at a 5Hz frame rate. Each bright spot in the frame

represents a QD (QD655) attached to glycocalyx. For the selected QD in the top left corner

(indicated by a yellow arrow), the displacement over time is analyzed by its x- (normal to

flow direction) and y- (along flow direction) components and plotted over the observation

window of -80s in Figure 6-1 (b) and (c). Clearly, oscillations of QDs in sync with flow are

only observed along the flow direction which is y in this case. In the x-direction where flow

impact is negligible, the slight drift of x-position data is believed to be largely caused by cell

migration that happens to occur in the same direction. A simple Fourier analysis confirms

that oscillatory component in the trajectory is only found in the flow direction, indicated by a

peak signal near 0.25Hz (i.e., the frequency of the flow) in the frequency domain of y-

position data shown in Figure 6-1(e). On the other hand, the clean base line in the frequency

domain of x-position data (Figure 6-1(d)) corroborates with the QD's random motion in the

x-direction. In addition, one may find a secondary oscillation present in the y-trajectory in

Figure 6-1 (d). This undesired noise results from a continuous pulsation at 1.5Hz in the flow
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generated by the peristaltic pump, which also appears in the frequency domain as the small

tail around 1.5Hz. By collecting the trajectories of 15 HSGAG-attached QDs selected from 3

independent samples, we have found that the flow-induced glycocalyx deformation is -

108nm on average, with a standard deviation of 77nm suggesting variation from cell to cell

and point to point on a single cell.
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Figure 6-1 Representative data of QDs during flow application. (a) Fluorescent image of single QDs in one

image; (b) x- and (c) y- position of the dot during 80 seconds of oscillatory flow; (d) and (e) Fourier analysis for

the data in (b) and (c) repectively; (f) a selected segment of y- position data in (c), the yellow curve is a guide

for eye.

To ensure that the periodic motions of the QDs we observed indeed represent the flow-

induced glycocalyx deformation not otherwise, we have conducted a set of theoretical

estimates and control experiment summarized below.

a). Glvcocalvx-attached OD motion without flow

First, before applying flow to the sample, we used single particle tracking to find the

trajectory of QDs under static conditions to make sure that QD655 are properly attached to

the HSGAGs in the glycocalyx layer. One representative result is shown in Figure 6-2. After

tracing the QD over 12 seconds at a 0.2s frame rate, the square root of its mean square

displacement is

ýr(t) 2  15nm

which means that the average distance a QD moves during a 0.2s period is on the order of

15nm. Now consider the case of a free particle in medium that displays Brownian motion.

The diffusion constant of a 29nm-sized (e.g. QD655 hydrodynamic radius) particle in water

at room temperature is approximately

D= K 5x 0- 012 2 S,

where K is the Boltzman constant (1.38x 10-23m2kg/s2K), T represents the absolute

temperature (-300K at room temperature), '7 denotes the dynamic viscosity of the liquid

(~ 10"3Pa-s), and a means the particle radius (e.g. ~ 15nm). Accordingly, the average

displacement of the particle in Brownian motion during each 0.2s time interval should be on

the order of
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(r(t)) =46D.At - 2.5,um.

Clearly, a QD unattached to the glycocalyx would have moved -2.5rtm, more than two

orders of magnitude greater than the step size we actually observed. Therefore, the QDs

investigated in our experiments are successfully attached to the glycocalyx matrix by

immunostaining.
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Random motion of glycocalyx-QDs in x-axis

Figure 6-2 Glycocalyx-attached QDs monitored over time without flow application. Square root of the mean

square displacement of dot random motion during each 0.2s interval is (t)2) Inm, confirming that

QDs are properly bound to the glycocalyx strands.

b). Fluid drag on QDs versus protein bond strength

Next, we estimate the fluid drag on QD during flow application to ensure that the binding

force between a QD and the glycocalyx matrix is sufficiently strong to withstand the drag

force. At a flow rate of 9 ml/min in the microfluidic chamber, the fluid drag on a 29nm-sized

particle, calculated by F = 6,r r/a v , is approximately 10-4pN. In comparison, the rupture
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force of a streptavidin-biotin bond, which is the major link between the QD and the

glycocalyx in our case, is reported to be about 5pN by optical trapping technique. 25 Therefore,

flow force applied in our experimental range does not disturb the exiting QD-matrix binding,

and flow-induced movement of the QD does reflect the deformation of the glycocalyx matrix

at the same location.

c). Flow-induced motion ofmembrane-bound ODs

Finally, to distinguish flow-induced deformation of the glycocalyx layer from flow-

induced deformation of cell body, we labeled an endothelial membrane protein - PECAM-1

-with QD605 for observation during flow tests. Under a shear stress of 15dynes/cm 2, QDs

that are attached to PECAM-I appear to stay within a -20nm range of their original position,

as indicated by the x- and y- trajectories in Figure 6-3. Compared with the much larger

glycocalyx deformation under flow, this constrained cell deformation at the membrane level

can be explained by the much stiffer nature of cell body. By approximating cell height to be

-4g1m, 26 our estimate of cell stiffness is - 300Pa, which is consistent with previous reports of

endothelial stiffness measurements by other techniques. 27,28 Because the endothelial cell itself

is much more rigid than the glycocalyx layer, we consider flow-induced cell deformation is

insignificant compared to the glycocalyx deformation.
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Figure 6-3 Membrane-bound PECAM-QD motion driven by cyclic fluid shear stress of 15 dynes/cm 2 at

0.25Hz. Flow-induced membrane motion in the y-axis (flow direction) stayed within a range of -20nm, much

less compared to the glycocalyx motion under similar shear application.

63.2 Shear modulus of the endothelial glycocalyx

The shear modulus, G, of a three-dimensional matrix is defined as

G-

h, where a is

the magnitude of shear stress, Ax is the deformation under shear, and h is the matrix

thickness. In our experiments, the shear stress a is maintained at 1.5Pa during flow, and the
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deformation of the glycocalyx under shear is Ax=108±77nm. The in vitro thickness of the

glycocalyx, h, is estimated to be - 350nm according to Chapter 5, consistent with in vivo

results of Vink and Duling2 and van den Berg et al.. 3 Therefore, under a shear stress of 1.5

Pa, we have found the shear modulus of the glycocalyx to be G z 5 +4Pa.

6.3.3 Shear-dependency of glycoclayx's shear modulus

As an elastic structure extending from the endothelial membrane, the glycocalyx is

readily deflected by fluid shear stress. Since many biological matrices are made of visco-

elastic or poro-elastic materials that exhibit shear-dependent modulus, it is interesting to

study whether the glycocalyx layer also has similar characteristics. Therefore, to examine the

shear-dependency of the glycocalyx's shear modulus, we subjected endothelial cells to

multiple levels of shear stress ranging from 0.5 Pa to 2 Pa by controlling the output flow rate

of the peristaltic pump. As shown in Figure 6-4(a), larger shear stress causes greater layer

deformation in general, and the differentiations among the curves of the five QDs are

ascribed to the variations in the attachment sites and heterogeneity of matrix property. In

addition, shear modulus of the matrix also increases with the magnitude of shear stress, as

shown in Figure 6-4 (b). Thus, the data suggests that shear-induced glycocalyx deformation

may plateau at high levels of shear stress, and the layer itself is becoming stiffer to resist

further deformation.
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(a) Flow-induced Glycocalyx Deformation
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Figure 6-4 Shear-dependency of glycocalyx deformation caused by flow. (a) Layer deformation increases

with shear stress and eventually plateaus at high shear stress level. (b) Shear modulus increases with shear stress

as well.
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6.4 Conclusion and discussion

We have developed and successfully applied a single particle tracking method to

investigate the dynamics of the endothelial glycocalyx under cyclic flow. By attaching QDs

to the glycocalyx layer, we can monitor layer deformation with nanometer spatial resolution

for time periods of several minutes. Our data shows that the shear modulus of the endothelial

glycocalyx layer is 5+± 4Pa under a shear stress of 1.5Pa. In addition, the extent of layer

deformation increases with the magnitude of shear stress applied to the layer, and eventually

plateaus at high levels of shear stress.

Compared to a bulk endothelial cell, our data suggests a much softer gel-like nature of the

glycocalyx layer. In the past years, the elasticity of endothelial cell has been widely studied

in both experimental and analytical setups. Indentation experiments using atomic force

microscopy (AFM) technique reported endothelial stiffness on the order of - 800Pa. 27

Micropipette aspiration of an endothelial cell yielded a Young's modulus of the endothelial

cell in the range from 200Pa to 800 Pa. 23,28 Theoretical studies also predicted cell elasticity

to be on a similar scale. 23,29 As our study is the first direct measurement of the layer property

in vitro, it will be an important future objective to combine with several theoretical studies to

determine what major factors (such as layer composition, charge density, and etc) and how

they contribute to the layer property.

As widely known, flow has a profound impact on various aspects of endothelial function,

including its mechanical properties. Continuous flow application has been shown to increase

endothelial stiffness and reshape its topology and intracellular structure. 24 Major structural

components such as actin cytoskeleton and intermediate filaments all undergo significant

remodeling processes under flow that lead to both global and local adjustments of cell

stiffness. 24,30-32 The glycocalyx, as the interface between flow and endothelium, is possibly

modulated by the flow as well. Several recent studies5' 7' s have suggested that the glycocalyx
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plays a key role in transmitting the fluid sheer stress to the cytoskeleton in the initial

intracellular signaling. Thus, our results of the mechanical properties of the glycocalyx layer

may help further understanding of the endothelial force-sensing mechanism in which the

glycocalyx layer is heavily involved and possibly regulated as well.
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Chapter 7: Concluding remarks

This thesis covers some basics about colloidal semiconductor nanocrystals (NCs) as well

as their applications in optoelectronics and biology, which are exemplified as we utilize NCs

to investigate of the physics of light emitting diodes (LEDs) as well as to understand the

mechanical properties of the glycocalyx layer on endothelial cells.

Chapter 2 utilizes individual NCs to alter layered organic LED structures at nanometer

scale, resulting in spectrally resolved electroluminescence from single colloidal CdSe/ZnS

(core/shell) NCs at room temperature. Even though we get a clearer picture of the operating

mechanism of LEDs, there is still a long way to go for achieving single photon on demand

which has a lot of applications.

Chapter 3 takes NCs as emissive probes in layered organic LEDs, and shows that the

photoluminescence of single NCs is bias dependent which helps elucidate the interactions

between NCs and organic semiconductors, knowledge useful for designing efficient NC

organic optoelectronics. In addition, photoluminescence intermittency amplitude of NCs

turns out to decrease with an increasing external electrical field. However, the device

structures presented are not optimal to isolate this phenomenon because of the complication

of the molecular semiconductor organics. It would be interesting to design a capacitor device

which can potentially lead to a better picture of the underlying physics.

Instead of using a planar LED geometry, Chapter 4 presents a technique for making

nanoscale gap LEDs which allow the spectrally coincidental photoluminescence and

electroluminescence from NCs. The work investigates the interactions between NCs and

different metal gaps, and suggests electromigrating leads made of different metals as a

promising route to fabricating nanoscale gaps with workfunction offsets for optoelectronic
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devices. However, most of these devices cannot sustain high voltages for an extended period

of time, which limits the potential their applications.

On the cell biology side, we develop a three-dimensional sub-diffraction limited single

fluorophore imaging method for proteins labeled with NCs. Chapter 5 applies the method to

measure the endothelial glycocalyx thickness in vitro for the first time, by labeling different

proteins with NCs of different emission wavelengths. Even though the imaging method has

only been utilized in studying the endothelial glycocalyx, the high spatial resolution in three

dimensions, together with the multiplexing capabilities, opens a new avenue for many other

studies, for example, resolving the mechanical deformations of layered transparent polymers

by incorporating different colors of NCs into different layers of the polymer complex.

Chapter 6 utilizes the NC based imaging method to investigate the flow induced

dynamics of endothelial glycocalyx, and measures the shear modulus of glycocalyx. Together

with Appendix Al, we propose a physical model for the motions of the heparin sulfate on the

surface of endothelial cells, based on the three dimensional imaging of NCs targeted to

specific proteins of the cells. Utilizing PH sensitive NC-day conjugate, we might be able to

resolve the PH distribution inside a cell in a definitive way because of the spatial resolution

provided.

Nanotechnology is a buzz word for a reason. This thesis, hopefully, helps you understand

better why nanotechnology takes the limelight nowadays.

134



Appendix 1: Steady-flow induced dynamics of the endothelial

glycocalyx

A1.1 Introduction
The endothelial glycocalyx has been found to be a key component in the physiological

response of vascular endothelial cells to fluid flow, enabling the endothelium to support an

atheroprotective environment.'"2 In Chapter 6, we present the first quantitative in vitro

measurements of the motion of this layer under the fluid shear stress comparable to that

experienced in vivo. Bovine aortic endothelial cells were grown to confluence and then

subjected to flow producing controlled levels of shear stress. However, the flows employed

to modulate the glycocalyx layer are from a peristaltic pump, which introduces a secondary

pulsation to the flows, as indicated in Figures 6-1 (e) & (f). In order to remove the secondary

effect induced with a peristaltic pump, here we utilize a syringe pump to introduce flows into

the cell chamber in the hope of applying a steady flow. In addition, the results presented in

Chapter 6 have not taken the advantage of the three dimensional nanometer spatial resolution

imaging method described in Chapter 5, while with the syringe pump we can apply stable

external flows at different flow rates, which allow us to fully employ the three dimensional

imaging scheme to reveal the 3 dimensional dynamics of the endothelial glycocalyx.

Quantum dots (QDs) attached to heparin sulfate (HS) were used to visualize the three-

dimensional motion of glycocalyx HS with shear. QDs of another emission wavelength,

attached to the membrane beneath the glycocalyx layer, served as references. Shear stress

was oscillated in a stepwise manner between a nominal value (5, 10, 15, or 20 dynes/cm2)

and zero at 0.25 Hz. Frames were recorded with an intensified CCD camera and analyzed as

previously described in Chapter 5. We find that a HS strand extending 350 nm above the
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membrane with no flow will move precisely in the downstream direction by a distance that

increases with shear stress. Interestingly, the motion traced by the QD also indicates that the

HS strand moves closer to the membrane with increasing shear. The QD motion is repeatable

and the zero shear position of the particle is restored following cessation of flow.

A1.2 Experimental and results

The cell sample, nanocrystal staining and flow system set-up are prepared in the same

way as described in Chapter 6, except that a syringe pump is used to replace the peristaltic

pump. QD605 are labeled to protein PECAM-1 on the cell membrane, while QD655 are

labeled to the glycocalyx HS. In order to better separate the QD605 signals from QD655

signals, we use two different spectral band pass filters that allow the light with wavelength of

605±15nm or 655±15nm to pass through.

The typical flow chambers used in the experiments are illustrated in Figure Al-1.
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The flow chambers are usually fixed to a metal fixture before being mounted to our piezo

stage so as to minimize the drift of the sample over time. The design of the metal fixture is

illustrated in Figure A1-2. The enhanced stability of the sample is obvious.

a) Side viw

4cem

b) Top view
9cnr

0 3 mln -

-0j

P Cm

8acm

J 3 min -

/-'

Irun

Figure A1-2 a) & b) Side and top views of the metal fixture design.

The steady shear stress applied to the cultured cells, which are labeled with QD605 and

QD655, is 10 or 20 dynes/cm2 by introducing the external flows into the flow chambers.

As described in Chapter 5, we image QDs in the off focus mode so as to resolve the three

dimensional position of QDs with high spatial precision. However, we can get the highest x-y

precision by imaging QDs in focus,3 because of the high signal to noise ratio it offers as
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opposed to that in off-focus mode. As demonstrated by Jonas et al., 4 the x and y motions in

the focal plane of QDs can be followed with a nanometer resolution with an integration time

of 0.5s per frame.

When most of the QDs are in focus, we simultaneously image QD655 and QD605 while

applying external flows with syringe pumps so as to not introduce secondary oscillations. The

x and y positions of QDs can then be figured out with the centroid fitting method.4 As

illustrated in Figure A1-3, the membrane QD605 is not perturbed much by the external flow,

while the glycocalyx QD655 clearly shows trajectories following the external flow patterns

where the flow direction is along the x axis. The positions of QD655 (4 QDs analyzed) are

shifted in sync with flows in an average distance (in the x-y plane) of 369nm (individual

values are: 275nm, 358nm, 401nm and 443nm), while the positions of QD605 (2 QDs

analyzed) remain at the noise level. At a shear stress of 20 dynes/cm2, we also observe similar

motions.
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Figure A1-3 Images taken with an integration time of 0.3s/frame without bandpass filters. The shear stress is

oscillated in a stepwise manner between 0 dyne/cm2and 10 dynes/cm 2 with at 0.25 Hz. (a)&(b) are trajectories

for membrane QD605 in x&y directions referenced to 40'h frame positions. (c)&(d) are trajectories for

glycocalyx QD655 in x&y directions referenced to 40th frame positions.

However, we want to resolve the three dimensional motions of QDs in real time, where

the off-focus imaging method, as described in Chapter 5, is utilized to track QDs. QDs are

intentionally moved away from their focal plane by around 1.5jpm, so as to resolve the z

(optical axis) position of QDs. While the cells are held at a fixed distance away from their

focal plane, the shear stress oscillated in a stepwise manner is introduced to modulate the

positions of QDs.
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Figure A1-4 Images taken with an integration time of 0.5s/frame without bandpass filters. The shear stress is

oscillated in a stepwise manner between 0 dyne/cm 2and 10 dynes/cm 2 with at 0.25 Hz. (a) x, y, and z positions

of a QD605 over time; (b) x, y, and z positions of a QD655 over time.

As shown in Figure Al-4, the three dimensional positions of QD605 are not in sync with

the stepwise shear stress induced by external flows. However, the three dimensional stepwise

motions of QD655 indicate that stepwise shear stress has a significant effect on QD655,

implying that the glycocalyx layer is deformed in three dimensions under the influence of

flows. Since both x and y positions of QDs vary due to the external flow, the overall
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distances on the 2D x-y plane are calculated with the position of a QD at the starting frame as

a reference. In order to understand the average glycocalyx deformation in three dimensions,

we plot the distributions of both the distance change in x-y plane and Z position change due

the stepwise shear stress change on cells. Relative to membrane QD605, the positions of

QD655 have a clear change due to the shear stress. As shown in Figure AI-5, at 10

dynes/cm2, the glycocalyx QD655 is moved in 2D x-y plane by -140nm, while the height of

the glycocalyx layer is lowered by -200nm.

Figure A1-5 x-y plane motion and z motion due to a shear stress change between 0 and 10 dynes/cm2.

By introducing a stepwise shear stress between 0 and 20 dynes/cm 2, we can measure the

deformations of the glycocalyx layer by tracking QD655 as described above. The

deformations are similar to those under a shear stress of 10 dynes/cm2, though the magnitudes

are larger. The results are summarized in Figure A 1-6, indicating a clear pressure dependent

deformation of the glycocalyx layer.
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Figure A1-6 Deformation of the glycocalyx QD655 in three directions at two different levels of shear stress.

The black lines are resulting from linear fitting, and the red line in (c) is a guide.
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The physical model of glycocalyx structure on the endothelial cell membrane is shown in

Figure Al-7, where hyaluronic acid, heparin sulfate, and chodroitin sulfate are all part of

glycosaminoglycan which is the main components of the glycocalyx layer. According to our

measurement results in Figure Al-6, the glycocalyx layer deforms under external flows

accordingly as presented in Figure Al-8. With increasing shear stress, the glycocalyx layer is

shifted to the flow direction while being pressed closer to the endothelia cell membrane.

O

* K+, Na+ , Ca++, L-arginine
41 Albumin, bFGF, LPL, polycationic peptides

Cholesterol and glycosphingolipids

9 Caveolin-1

I1I K+, Na+, Ca++, L-arginine channels
Hyaluronic acid

- Heparan sulfate

Chondroilin sulfate

Figure A1-7 Representation of proteoglycans and glycoproteins on the surface of endothelial cells (extracted

from Weinbaum et al. and Tarbell et al. ,5).
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Figure A1-8 Proposed physical model of the heparin sulfate deformations under different shear stress (not to

scale).
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A1.3 Conclusion

Utilizing a syringe pump to introduce steady flows, we visualize the three dimensional

motions of the glycocalyx layer labeled with QDs under different shear stress. Together with

the data presented in Chapter 6, we propose a physical model of the heparin sulfate

deformations under different shear stress. However, we still need to do more measurements

on the motions of QDs in three dimensions at more levels of shear stress, so as to get a

complete deformation profile of the glycocalyx layer.

The main challenges foreseeable in future experiments are: 1), figure out the right

concentrations for QD605 and QD655 solutions so as to stain membrane and the glycocalyx

layer uniformly, as well as provide enough QDs in the field of view of the detection system;

2), carry out the experiment fast enough so that the endothelial cells do not start endocytosis,

which usually happens within one hour.
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Appendix 2: Quantum dot light emitting diodes prepared with

inkjet-assisted stamping*

A2.1 Introduction

Quantum dot (QD) light emitting diodes (LEDs) often have one layer or multiple layers

of QDs,1-4 which are prepared with either phase-separation or micron contact printing

processes relying upon dispensing nanocrystal solutions with a low material use efficiency

method, i.e. spin casting. The amount of wasted QDs in the spin casting accounts for over 99%

of the starting solution. High quality colloidal QDs are costly to synthesize, therefore using

an alternative dispensing and patterning techniques will be a feasible application to improve

the QD usage efficiency.

The method of inkjet assisted stamp (micro-contact) patterning combines the advantages

of both dry and wet processes. This method involves three steps: (1), A certain volume of QD

ink solution, which is in an amount of picoliter to hundreds of picoliters, is first delivered, for

example, by an Inkjet printer, onto the surface of a stamp. The amount of solute can be

precisely controlled by the concentration of ink, drop volume and the inkjetting energy. The

solvent is then allowed to evaporate from the stamp surface so that only solute (i.e. QDs) is

left. The stamp surface, which is often pre-treated, can be plain or pre-patterned with fine

feature size on the order of micrometers. (2), the stamp is placed on top of an adjacent

substrate to an intimate contact and the printed patterns are facing the substrate. Pressure is

applied between the stamp and the substrate; the solute (QDs) is then transferred completely

or partially from the stamp onto the substrate to form a layer. Compared with the direct inkjet

printing, this stamping method can deposit QDs without excess solvent. (3). The stamp is
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then released from the substrate. The stamp surface might or might not require a following

cleaning procedure to restore its clean condition and be reused in step (1) repeatedly. The

concept is illustrated in Figure A2-1.

I stamp
rotate or flip

release *

substrate

InkJet printhead

ink droplet~
organic pattern

rotate or flip stamp

stamp stamp

press *
)LED layers

I
I I

Figure A2-1 Illustration of the 3-step Injet assisted stamping process. The organic pattern is defined by inkjet

printing pattern.

150

i



A2.2 System design

Slayer

pattern

substrate ::::O(IPI
Figure A2-2 Illustration of a typical stamping system.

The stamp press includes an Inkjet printer, a stamp (or roller) and a substrate moving

machinery, as shown in Figure A2-2.

A2.2.1 Stamp materials and surface treatment

Many elastic materials that have low elastic modulus may be used as the stamp, in

particular such as polyurethanes, polymides5 polydimethyl-siloxane (PDMS), block

polymers, or hydrogels, with a topographically plain or patterned surface. PDMS is most

often chosen for its low surface energy, which translates to easy releasing behavior and

chemical inertness to inking solvents. The low surface energy of PDMS is a direct result of

methyl groups as the surface terminal groups in which the intermolecular forces are almost as

weak as possible, only aliphatic fluorocarbon groups (e.g. Teflon) are lower. The soft

siloxane backbone also allows the methyl group to rearrange. The consequence is that not
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many solvents will have enough affinity to PDMS surface, which could be a problem for

picking up ink fluids. 6

PDMS Kit is purchased from Dow Coming (commercial name Sylgard 184). The kit

contains liquid silicone rubber base, vinyl-terminated PDMS, and the curing agent (a mixture

of platinum complex, copolymers of methylhydrosiloxane and dimethylsiloxane). The base

and the curing agent are mixed together as the precursor, then the mixture is poured on top of

a polished silicon wafer, degassed and cured at -60 OC overnight to form a cross-linked,

blank elastomer stamp.

An optimal stamp surface condition should balance both successful wetting and releasing

processes. High surface free energy gives a poor partial releasing transfer of QD films, while

ink fluid won't wet well if the surface free energy is too low. The theoretical description of

surface wettability is attained from thermodynamic equilibrium between the substrate surface

(S), liquid droplet (L) and the ambient (G) known as the Young- Dupr6 equation:

YSG - YSL - YLG CosO = 0

9,Q9%

9,t~

Figure A2-3 A contact angle of a liquid sample.

where 0 is the experimental contact angle (Figure A2-3). Thus the contact angle can be used

to determine an interfacial energy. If the contact angle is anywhere from O0 to 900, the liquid is

said to wet the substrate, and not to wet the substrate if the contact angle is between 90' and
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1800. If we assume the ambient condition remains the same, there are only two ways left to

improve the surface wettability. The first is to change the substrate surface properties, either

by substitution of another material (coating another material with higher surface energy) or

surface treatment by oxygen plasma or UV ozone to break off surface bonds and increase the

density of dangling bonds to improve adhesion. However, surface treatment in oxygen

plasma or UV ozone has been observed to change the PDMS surface to a brittle, silica-like

layer and increase surface roughness/crack density after the treatment. The second way is to

find another solvent with lower surface tension that can spread better on the same surface.

This is constraint by the limited number of solvents that are miscible with organic

semiconductors or QDs. A better way is therefore to apply an adhesion-promoting surface

coating layer.

Parylene denotes a family of poly-para-xylene polymers that can be deposited by vapor

deposition, resulting in a conformal, dense and soft coating. In parylene C (the most common

form of parylene), a chlorine atom is substituted for one of the hydrogen atoms on the

benzene ring of each phenyl group and therefore it is a slightly more polar variant than

PDMS, which possibly leads to an increasing solid-liquid attraction and thus better wetting.

2000 A of parylene C is the standard coating layer with respect to bare PDMS stamps.

A2.2.2 Ink composition

As both dye based and pigment based inks can be directly inkjet printed, molecular

organics and quantum dots can be incorporated into the ink design and dispensed using an

inkjet printer. The inkjet print quality can be largely affected by the ink composition, and the

interaction between the ink and the substrate surface. The primary pattern formation

processes are wetting of ink on the substrate, drying of ink vehicle and bonding between the

inking substances. By modifying the composition of ink, it is possible to improve the
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thickness uniformity. The goal is to determine if the printing results can be optimized by just

changing the ink. And the main challenge is to find a substitute solvent to replace chloroform

as it is not compatible with the printer system at all - the printhead (HP small picoliter

printhead) will be severely damaged by chloroform and fail within a short period of time (less

than one hour).

To print molecular organics, organic molecules should be dispensed in solution form, and

the solvent should be compatible with the liquid delivery system, for example, an inkjet

printer. However, choice of organic solvents, which satisfy the above requirements, is

limited. For example, aluminum tris-8-hydroxyquinolinate (Alq 3) as a molecular organic may

be used as the light-emitting material in an organic light-emitting device (OLED). It is known

that chloroform is a good solvent for Alq3. However, pure chloroform has high volatility and

low viscosity, and is potentially corrosive to inkjet printhead. As a hydrochlorocarbon,

chloroform also has high ozone depletion potential. Consequently, it is desired to develop a

solvent system to minimize the use of chloroform as the delivery vehicle for Alq3 or to

replace chloroform with a more benign organic solvent while still maintain excellent

solubility to Alq3 and compatibility to the printhead. It was found that these criteria were met

with a solvent composition, which can be a mixture of a hydrochlorocarbon and partially

fluorinated alcohol containing two to six carbon atoms. For example, a fluorinated alcohol

(2,2,3,3 - tetrafluoropropanol, or TFP) can serve as a good substitute for chloroform.7
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Table A2-1 Properties of various common solvents at room temperature

Surface
Dipole

Solvent Structure Tension Boiling point (OC)
moment

(dynes/cm)

Acetic Acid 28 118 1.74

Acetone 24 56 2.91

Benzene 29 80 0

Chloroform CH 3-CI 27 61 1.08

Chlorobenzene 33 132 1.54

Ethyl alcohol C2Hs5-OH 24 78 1.69

Ether O0 , 17 35 1.15

Hexane 18 69 0

Iso-propanol 22 82 1.68

Toluene j 29 111 0.36

Water H-OH 73 100 1.85
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QDs depending on the ligands, which can be chemically modified, can be readily

dispersed in chloroform, hexane, toluene, alcohol or even DI water. Hexane and ethyl alcohol

are selected to substitute for chloroform for their similar surface properties with chloroform,

as listed in Table A2-1.8'9 QD ink is prepared with a solvent mixture of hexane and octane at

a 9:1 volume ratio, which allows the solvent to evaporate at such a speed that the resulting

film tend to be smooth according to empirical results.

A2.3 Experimental results and discussion

A2.3.1 Print OLED Materials

Dynamic contact angle measurement (DCAM): the contact angle is useful in determining

the relative surface energy of the print substrate. It is useful in assessing the wetting

interactions between the ink and the substrate. Briefly described, a liquid drop of a certain

volume is introduced and touched down onto the substrate. A video camera system captures

the time-dependent behavior of the contact liquid on the substrates. In practice, for static

contact angle measurements, data is recorded 5 seconds after drop touchdown. For dynamic

contact angles measured in this analysis, data was captured from time zero to 200 sec (and up

to 1200 sec when possible). The angle formed at contact between the fluid drop and the

substrate is measured directly; the drop volume is calculated from the height/contour of the

drop and its diameter at the interface, and is recorded in pL (microliter). The greater the

contact angle, the higher the hydrophobicity of the underlying surface. A variation of 10% for

contact angle measurements is acceptable. Since these runs are performed on the same

specimen but at different sites, the observed variation is mostly due to differences between

the target sites on the substrate. Another source of variation is that, in some cases, it is not

easy to accurately determine the baseline since the exact contact points are not well defined.
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Figure A2-4 Result of DCAM on PDMS and parylene coated PDMS.

Although PDMS is also considered a hydrophobic, low surface energy material, the stamp

surface becomes less hydrophobic after applying a 2000A thick parylene C coating, as

confirmed in Figure A2-4, where the contact angle between water and stamp drops from 1100

on PDMS to 900 on parylene; meanwhile wetting of polar solvents is improved between

parylene and iso-propanol (IPA). Note that visually there is no any sign of changes on the

PDMS stamps after the conformal parylene coating.
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Figure A2-5 Dynamic contact angle measurement of alq3 ink on parylene coated PDMS surface.

It is preferable to obtain a uniform organic pattern deposited rather than the ring shape

pattern. Substrates with large contact angle with the droplet are prone to form such flat and

uniform deposit. In the experiment, the ink solution is Alq3 dissolved in TFP (0.1M). The

substrate is a PDMS stamp with no pattern, coated with 2000 A parylene. The dynamic

contact angle measurement shows that both the contact angle and the droplet volume

decrease while the contact area (base) remains almost unchanged, which indicates that the

droplet contact lines (solid, liquid and gas interface) is pinned once the droplet touches down

onto the substrate. Figure A2-5 shows the time dependency of the TFP droplet volume V,

radius R and the contact angle 0. All the numbers are normalized against the initial (t=0)

values. The droplet radius remains constant, which is also known as the contact line pinning,

probably the same as the usual pinning of fluid droplets on the substrate caused by the

irregularities or defects of the substrates. ' 0" While the contact area remains constant, the
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contact angle and droplet volume keep decreasing, until they reach the receding angle and

volume and stay unchanged. Although this plot only shows the behavior of the pure solvent,

we will proceed as the ink solution has the same behavior.

The final shape of the ink deposit doesn't show any sign of the "coffee stain" effect, as

illustrated in Figure A2-6, attributable to the concentration of the ink and its viscosity. The

deposit becomes almost flat as can be seen in the uniform PL emission in the microscope

images.
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Figure A2-6 Microscope graphics of alq3 ink printed on parylene coated PDMS stamps.
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A23.2 Printing QD based inks

One of the major goals of inkjet assisted stamping technique is to develop a capability to

print QD solutions on blanket PDMS stamp. We tried QDs in various solvent so as to figure

out which solvent provides the best printing quality. After QDs are synthesized, they can be

readily dispersed into hexane. However, in order to make QDs soluble in ethanol, we need to

replace the trioctylphosphine or tricocetylphosphine oxide ligands with the hydroxyl group

terminated ligands, i.e. amino pentanol. 12

A23.2.1 Printing alcohol-based QD inks

Successful stamping transfer relies on ink chemistry (solvent type, concentration, etc) and

stamp surface treatment. Results of some initial attempts are summarized here.

Table A2-2 Experimental conditions of alcohol based QD inks

Sample Stamp Solution (volume) Concentration (%)*

1 PDMS EtOH 0.14

2 PDMS EtOH 0.014

3 Parylene coated PDMS EtOH 0.14

4 PDMS EtOH:TFP (1:1) 0.01

5 Parylene coated PDMS EtOH:TFP (1:1) 0.01

6 Parylene coated PDMS EtOH:MeOH (1:1) 0.14

* 100% is defined as the initial concentration (-100 mg/mL) of QD solution before dilution
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Figure A2-7. Alcohol based QD ink printed patterns

Printing QD inks on PDMS is very different than on a porous medium such as paper.

Given that PDMS surface is dense, non-polar and low surface energy, better wettability is

expected with also non-polar (or low dipole moment) solvents. Previous contact angle

measurement data show a poor wettability by alcohol solvents, as confirmed again in Table

A2-2 and Figure A2-7. All the alcohol based QD solutions show a certain degree of

dewetting after printing. An extreme case is when TFP is mixed into the QD solution (sample

4), all the QDs dewet from the stamp surface and concentrate to the center of the print or

aggregate locally (sample 5), resulting in a discontinuous pattern. Choice of solvent

apparently plays a key role in the formation of the final pattern.

A2.3.2.2 Printing hexane-based QD inks

A good wettability condition results in a larger diameter QD pattern by making hexane as

the ink vehicle. The importance of wettability in the production of uniform QD patterns has

162



been recognized and shown in Figure A2-8. The key factor relies again on the choice of

solvent that is compatible with the substrate surface characteristics. The secondary factor is

the ink concentration and drop size. It is clear from the printing results that for monolayer

pattern formation a non-polar solvent, i.e. haxene is a better choice; and low ink

concentration as well as small drop volume are preferred. As the drop volume increases, more

solvent is delivered and the solvent evaporation time rises, allowing the formation of non-

uniform coffee ring patterns (sample d in Table A2-3).

Figure A2-8 Printed patterns of Hexane based QD inks.
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Table A2-3 Experimental conditions of hexane:octane based QD inks on Parylene coated PDMS

Sample Concentration (mg/mL) Drop volume (pL) Drop

a 1 1 1

b 1 5 1

c 5 5 1

d 5 10 1
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A2.4 Discussion

Stamp

Figure A2-9 Ink drop volume reduction and pattern formation (a) coffee ring pattern; (b). more uniform pattern;

(c). pattern totally dewetted from the stamp

Drying of an ink drop is non-trivial. In fact it is a very complicated process that has been

studied extensively. As shown in Figure A2-9, three types of drying phenomena can be

observed during our printing experiments. The coffee ring effect is most commonly seen in

very dilute ink (QD in hexane) where the capillary outflow of solutes tends to enrich the QDs

at the contact lines; Nearly flat pattern can form when the ink viscosity is high enough that

the diffusive outward flow of solutes becomes largely suppressed (Alq3 in TFP ink); If the

contact line is unpinned, as solvent evaporates, solutes will enrich to the center of the droplets

and much smaller printed pattern will form (QDs in Ethanol + TFP).

A2.4.1 Contact line pinning in dilute inks

PDMS stamps with or without parylene coating layer exhibits hysteretic effects in contact

with ethanol or hexane. The first layer of the drop in direct contact with the stamp remain

pinned by a surface friction force. Two ink edge advancing motions are competing with each

other: outward capillary flow of solutes to the pinned contact line and inflow retraction of ink

due to surface tension (if the ink viscosity is low enough). Outflow of solute results in the
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"coffee ring pattern", while inflow of the ink will lead to the formation of "concentric

pattern", where the ink solute is forced to "glide" on this pinned layer and enriches the rest of

solute to the center (sample 3).

Formation of either the "coffee ring pattern" or the "concentric pattern" is a kinetic

process that will terminate upon the drying of solvent. Therefore we can relate the pattern

formation to the solvent evaporation rate and the ink "glide friction" (related to the viscosity

and QD concentration). In an ideal scenario, small volume of very dilute, fast drying ink

solution should produce uniform thickness profile. However, choice of fast drying (volatile)

solvents is limited, as the solvent also needs to be fully compatible with the inkjet printer.

Forced evaporation of solvent for example on a heated substrate can be helpful but might not

be realistic in all cases, especially when the substrate is a poor thermal conductor (such as

thick PDMS stamp).

A2.4.2 Printing mixed OLED-QD materials

An interesting and prospective application of inkjet printer might be to pattern both

OLED materials and QDs simultaneously. Figure A2-10 shows an array of mixed TPD and

Red CdSe QDs patterns printed undergoing photo bleaching.
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Figure A2-10 TPD + CdSe QD array under UV excitation

A2.4.3 Inkjet print stamp transfer QD-LED

Given the experimental observations described above, directly printing a uniform

monolayer of QDs on PDMS stamps still remains a challenge, with some technical hurdles to

be overcome. Non-polar solvent hexane used as the ink vehicle shows better wettability on

the stamp surface than alcohol based solvents. Although coffee-ring patterns is very non-

uniform in terms of pattern thickness, the flat well can mimic a spin-coated film stretched by

surface tension. Furthermore, since the rim of the pattern is much thicker than the flat bottom,

when the QD pattern is incorporated into the OLED structure, charge recombination will
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preferentially take place at the thinner QD region and light will emit from the flat bottom

region.
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Figure A2-11 Inkjet assisted stamping transfer QD layer procedure and results. (a). Stamping QD layers by

PDMS stamp. (b) QD-LED device structure. (c). PL microscope image of QD:hexane ink inkjet printed on

PDMS stamp surface, pitch size = 100 gm. (d). Stamp transfer QD layer onto OLED half device (Spiro-TPD).
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(e). EL image of region of an active QD-LED by stamping. (f) EL spectrum of QD-LED showing QD peak at

545 nm and some organic emission background.

Figure A2-11 summarizes the procedure and results of a QD-LED fabricated by inkjet

assisted stamping transfer method. The ink composition is identical to the sample inFigure

A2-8d. The EL microscope image and the spectrum confine light emission from the stamp

transferred QD layers. Some black spots are due to possible local surface defects (unclean

surface regions) within the device. As the very first attempt, the results are quite promising

that the concept of making QD-LED works by using inkjet to directly pattern QD inks then

using stamp to transfer QD patterns.

Figure A2-12 Inkjet assisted stamping red QD:EtOH (0.1%) ink, pitch size is 100 gm on parylene coated

PDMS stamp. (a). QD-LED EL emission; (b). Image taken behind a yellow filter so that only red emission from

QD layer is visible.
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QD:EtOH ink is also successfully transferred into the same OLED structure by a parylene

coated PDMS stamp, as shown in Figure A2-12. Although microscopically this ink doesn't

wet the stamp surface as well as the hexane ink (please see Figure A2-7), the QD patterns still

manage to transfer successfully. This could be related to the week binding nature between the

QD ligands that are surrounding the dots. The attraction between the dots (with ligands) and

the organic film on the substrate exceeds the binding force between dots, leaving a layer (or

perhaps more than a monolayer) attached to the organic film.

A2.5 Conclusion

This work has demonstrated the capability of inkjet to pattern quantum dots and OLED

patterns on micro-printing stamps. It has been shown that material use efficiency increases

dramatically from less than 1% by spin coating to almost 100% by Inkjet. In this section,

effects of both the stamp surface properties and the ink compositions are studies to improve

uniform thickness profile across the printed patterns. Results from dynamic contact angle

measurements have confirmed that 2000 A parylene coating can promote the wettability of

PDMS surface. The resolution of at least 50 um has been achieved.

Much more work however is still required to study the solvent drying that makes this

method well controllable and consistent. There are still many important parameters yet need

to be optimized, such as stamp making condition, applied pressures, ink concentration and

choice of ink vehicle. The next step is to methodically measure and correlate those variables

to the printed and transferred films, and to better understand the mechanisms involved.

However, the preliminary results have been promising to observe the robustness of this

process, despite the lack of detailed understanding of the relations between those parameters.
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