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Lab-on-chip systems have been developed for various applications like point of
care diagnostics and compact imaging systems. Compact, on-chip imaging systems face a
challenge in the integration of multicolor light sources on-chip. This is because of the
unavailability of compact, individually addressable, multicolor light sources on a single
planar substrate. Colloidal Quantum Dot based Light Emitting Diodes (QDLEDs), which
have found wide appeal, due to their unique properties like their tunable and narrow
emission bandwidth and easy fabrication, are ideal for lab-on-chip integration. Among
different types of QDLED structures implemented, inorganic QDLEDs have shown great
promise. We have demonstrated designs and fabrication strategies for creating QDLEDs
with enhanced performance. In particular:

(I) We introduce a sandwich structure with a spin coated inorganic hole
transporting layer of nickel oxide underlying the QD layer and with a spin coated zinc
oxide electron transporting layer, with patterning of anode and cathode on the substrate.
Compared to the use of sputtered thin films, solution processed charge transporting layers

(CTLs) 1improve robustness of the device, as crystalline ZnO shows low CB and VB
v



edge energy levels, efficiently suppressing hole leakage current resulting in LEDs with
longer lifetimes. We also use Atomic Layer Deposition to deposit an additional hole
injecting layer to protect the QDs from direct contact with the anode. With this device
design, we demonstrate a working lifetime of more than 12 hours and a shelf-life of more
than 240 days for the devices. Our solution based process is applicable to micro-contact
printed and also spin-coated QD films. QDLEDs with spin-coated CTLs show a lifetime
increase of more than three orders of magnitude compared to devices made using
sputtered CTLs.

(I)  We implement strategies of the enhancement of light extraction from the
fabricated QDLEDs. We discuss the integration of a two dimensional grating structure
based on a metal-dielectric-metal plasmonic waveguide with the metal electrode of a
QDLED, with the aim of enhancing the light intensity by resonant suppression of
transmitted light. The grating structure reflects the light coupled with the metal electrode
in the QDLED and we found an increase of 34.72% in the electroluminescence intensity
from the area of the pattern and an increase of 32.63% from photoluminescence of QDs
deposited on a metal surface.

(IIT)  We demonstrate the capability of our fabricated devices as a light source
by measuring intensity across stained cells with QDLEDs of two different wavelengths
and show the correlation as expected with the absorption profile of the fluorescent dye.
We measure the absorption from the biological samples using QDLEDs fabricated with
various design modifications, as a quantification of the improvements in device

performance, directly affecting to our target application

Vi
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CHAPTER 1: BACKGROUND AND SIGNIFICANCE

1.1 MOTIVATION

Microfluidic lab-on-chip systems have gained great importance in the last few
years. The advantageous properties of these systems such as their compactness,
usefulness in point-of-care applications and low cost, among others, have brought
research in lab-on-chip systems to the fore [1]. On-chip imaging systems have been
recently brought forward but still face some major challenges. Great progress has been
made in on-chip bright field imaging with both lensless systems and with image
processing techniques [1, 2, 3, 4]. Although many disadvantages of current systems
impede wide implementation, a major obstacle in the development of on-chip
hyperspectral systems is the availability of miniature, narrow band light sources [5,6].
Current lab-on-chip systems still rely on the use of off-chip, bulky light sources for
multicolor imaging, which obviates their advantages of point-of-care applicability, small
size and low cost [7, 8, 9,10,11,12]. Figure 1.1 (a) shows current on-chip imaging
technology.

For the designing of a multicolor lab-on-chip imaging system, the light source
becomes an important consideration. To improve the performance of the system, some
parameters that require consideration are, the bandwidth of the light source, distance
between sample and light-source and intensity of light-source among others.
Commercially available semiconductor Light Emitting Diodes (LEDs) have been
previously used for imaging in miniature systems but present some problems. A major
drawback of such LEDs is the unavailability in many wavelength bands since the

wavelength depends on the energy band gap structure. This necessitates the use of filters
1



and other additional elements to obtain the required wavelength band for imaging, thus

increasing the cost and bulk of the miniature system.

(a) T (b)

\ SN Y CMOS imager
\ -a-“'.af%% Microwell array

<

QDLED array

\I\\\’\‘\ Digital switching

Figure 1.1: Schematic of lab-on-chip systems (a) current lab-on-chip technology, (b)
envisioned QDLED integrated system

Colloidal quantum dots (QDs) have, in recent times, been used as lumophores in
light emitting devices. Quantum Dot Light Emitting Devices (QDLEDs) have found wide
appeal, especially in display applications. The properties of QDs like their tunable and
narrow emission bandwidth and easy fabrication make them an attractive choice for flat-
panel displays and lighting applications [13,14,15,16,17,18]. These unique properties of
QDs can also be applied in imaging of biological samples.

The specific properties of quantum dots are especially suited for integration with
applications of interest described previously. Figure 1.1 (b) shows a schematic of an on-
chip multicolor imaging system with integrated QDLEDs as light source. The properties
of QDs as spectrally pure, efficient emitters can be leveraged for various lighting

applications. In size, QDs typically range between 3nm to 12 nm in diameter. Since the
2



electronic structure of QDs depends heavily on quantum size effects, the property of
narrow-band emission, which can be useful for many applications, can be tuned by
controlling the size of QDs during synthesis. This narrow bandwidth emission and high
luminescence quantum yield make QDs suitable for LED applications [19, 20, 21].

Typically colloidal quantum dot based light emitting diodes have been made as a
sandwich structure. Previously QDLEDs have been made using organic charge transport
layers. Despite the high quantum efficiencies observed in the diodes, these organic based
light emitting structures are susceptible to atmospheric conditions, moisture, thermal and
electrochemical degradation [22, 23]. To overcome this drawback, the next generation of
QDLEDs was built by sandwiching a layer of colloidal quantum dots between Indium
Tin Oxide and metal electrodes. These types of LEDs showed limited
electroluminescence. The low efficiency in these structures was due to quenching of
QDs, plasmon modes in metal electrodes and imbalances in charge injection. To avoid
these 1issues, intermediate inorganic electron and hole transporting layers were
introduced. QDLEDs were made with NiO as the hole transporting layer (HTL), between
the ITO anode and the QD layer. An amorphous ZnO layer was used as the electron
transporting layer (ETL) between the metal cathode and the QD layer [24, 25, 26, 27, 28,
29, 30]. On application of voltage, excitons are formed near the quantum dot region
whereby light emission is observed from the nanoparticles.

In our device, we have used colloidal QDs as light emitters in an inorganic light
emitting device. We control the light emitting region of the device by patterning of the
light emitting layer by (a) micro-contact printing or (b) patterning of electrodes. Using
techniques compatible with standard silicon manufacturing processes, we are able to

create multicolor light sources of controllable area on a single substrate. These



individually addressable sources can be excited in close proximity for imaging of
biological samples.

The ease of fabrication and processing of colloidal quantum dots through
microcontact printing and further integration with metal oxides, opens up the possibilities
for creating nanophotonic microsystems with mass reproducibility and enables robust and
tunable imaging, sensing and display applications. Here we describe the fabrication of
QDLEDs with a basic structure for biological imaging applications. We investigate
strategies for the improvement of performance of QDLEDs. We specifically focus on
improvements in lifetime and intensity of device which are important for our target
application. We also use our QDLEDs to image stained cancer cells to demonstrate the
applicability of our QDLEDs in lab-on-chip nanophotonic systems for biological

imaging.
1.1.1. Properties of Quantum Dots

Increasing efforts in the fabrication of QDLEDs have been seen for applications
such as displays and commercial lighting. The advantages of using quantum dots in these
applications lie in their properties of rendering improved color saturation to thin film
displays and high color rendering index to white lighting. Since the electronic structure of
QDs depends heavily on quantum size effects, the property of narrow-band emission,
which can be useful for many applications, can be tuned by controlling the size of QDs
during synthesis. QDs with emission in the visible wavelengths can be synthesized with
materials such as CdS or ZnS.

Colloidal QDs usually have a passivating layer of ligands which make them
solution processable. This property facilitates a large number of deposition techniques

such as spin coating, microcontact printing and inkjet printing making fabrication of

4



LEDs easier. During synthesis, the QDs can be made compatible with either aqueous
solutions of with organic solvents. Because of their inorganic semiconductor cores, QDs
are more stable than organic dyes and highly resistant to photobleaching. They show a
small Stokes shift which makes them an ideal choice for photoluminescence. Unlike
organic dyes, they can be excited by a wide absorption band, including visible
wavelengths. Due to these properties, QDs are widely applied in photoluminescence
applications.

Photoluminescence of QDs can be used for certain types of applications such as
staining of biological markers, where photoluminescence properties of QDs can solve
issues such as requirement of high intensity emission and in cases where the size of the
optical system required for imaging is not of particular importance. A UV source of
excitation can be used for excitation of QDs and combinations of filters can be used to
focus on emissions from a single color of QD emissions. However since all QDs are
excited by UV wavelength, it is not possible to have individually addressable multicolor
QDs on a single substrate without the use of emission filters. This type of design would
take away from lab-on-chip systems, some of their key advantages of low cost, small size
and easy handling.

Hence, some key applications benefit from the electrical excitation of colloidal
QDs. For applications requiring creation of nanophotonic microsystems with mass
reproducibility, creation of micron scale light sources with pure color emissions and for
high throughput applications, it is important to fabricate structures to facilitate electrical
excitation of colloidal QDs. The individual addressability of these devices eliminates the
need for filters and electrical excitation eliminates the use of excitation light source and

filters. The current QDLEDs however, face many challenges like QD charging, QD



luminescence quenching in thin films, plasmon modes in metal electrodes and
degradation of QDs due to exposure to environmental factors.

Considering these factors, design of QDLEDs with a long working life and high
emission intensity at low voltage and current levels becomes important. Robust structures
and long lifetimes are important for point-of care applications where easy handling and
reusability are important considerations. High intensity of QDLEDs improves the signal-
to-noise ratio, improving the efficacy of the system. These are some of the important

issues that need to be considered during the design and fabrication of a QDLED.

1.1.2. Applications of QDLEDs

Site-controlled patterning of light emitting diodes has importance in a number of
applications such as MEMS and multicolor excitation sources in micro-total analysis
systems (pu-TAS). Combination of filter cubes or laser sources are typically used for
standard fluorescence microscopes, which are not suitable for easy-to-use on-site reduced
cost diagnostic tools. We have developed QD-LEDs that are planar and easy to integrate
to on-chip systems compared to commercial systems. The light emitting area in these
diodes can be defined by a combination of (a) micro-contact printing and (b) patterning
the cathode of the device. Multicolor LEDs on a single substrate offer a unique capability
to excite cells with individual excitation sources in a single substrate for on-chip
multicolor imaging.

Integration of LEDs for biomedical applications has been demonstrated
previously by incorporating Organic LEDs [31, 32, 33, 34, 35, 36]. Integrated OLEDs are
placed on the rear side of the glass substrate and a microfluidic channel made out of

polydimethylsiloxane (PDMS) on the front side. The emission wavelength of the OLED



is 520 nm and has a relatively wide peak of 70 nm. Visual inspection of excitation of
fluorescent dye Rhodamine B was demonstrated [37].

One application in which QDLEDs can be used is continuous monitoring of
cultured cells. During the testing of effects of various drugs on cultured cells, standard
96-well plates are used. In such situations continuous monitoring of cells is useful. In
such situations it is useful to have individually addressable, multicolor light sources for
each well. Figure 1.3 shows the schematic for a lab-on-chip system for the imaging of
cells in a microwell array system [38].

Multispectral imaging of cells has shown great promise. Recent studies have
shown that separate data can be obtained using light sources of different wavelengths and
the specific spectral signature obtained from biological samples can be used for
identification of for various biomarkers[39]. As discussed earlier, the full width half
maximum of the emission wavelength of QDLEDs is narrow on the order of 15-20 nm.
This gives good control on the emission wavelength and light purity for spectroscopic
measurement in the visible wavelength region. These diodes have a capability of
multicolor excitation on as single chip. Each individual excitation can be easily
controlled due to the patterning capability of the top electrode, thus making the
integration of QDLEDs ideal for on-chip spectroscopic imaging.

This dissertation presents three specific aims towards the achievement of the
goals described above. In the first aim, we focused on design of QDLEDs. The goals to
be achieved were to design robust QDLEDs with a long lifetime which was the basic
requirement from the light source to be integrated in lab-on-chip systems. The other
requirements to be achieved were the capability of fabricating multicolor QDLEDs on
single substrate with a controlled area of emission. We demonstrated fabrication of

QDLEDs with a marked improvement in operational and storage lifetimes as compared to
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currently available QDLEDs. This was achieved by using combinations of materials and
fabrication techniques to optimize the charge carrier concentration to achieve highest
efficiency from QDs and also to protect the QDs from environmental factors which play
an important role in reducing the lifetime of QDLEDs. We also demonstrated the control
of the area of emission by exploring both, different ways of QD deposition and control of
electrode deposition to define the active area of emission.

Second, we demonstrated increased intensity of QDLEDs by employing strategies
for enhancement of light extraction LEDs. We employed two specific strategies, namely
surface roughening of electrodes and integration of plasmonic patterns with the metal
cathode of the QDLED to cause reflection of Plasmon modes transmitted along the metal
cathode. We showed an increase in intensity corresponding to the patterned surface in
both photoluminescence and electroluminescence from QDLEDs. We quantified the
increase in intensity obtained across various wavelengths of QDs, thus demonstrating the
wavelength selectivity of the designed plasmonic pattern.

Third, we demonstrated the applicability of our QDLEDs by imaging stained
cancer cells. We imaged cells using the different stages of the device and used the
imaging capability to quantify the improvements in the design of our device. Since the
final application of our QDLEDs is expected to be as a light source in imaging
applications, we used our devices to obtain preliminary data of imaging stained cells and
identified parameters which could be quantified for performance comparisons at each

stage of design and fabrication modifications in our QDLEDs.



1.2 CRITICAL CONTRIBUTIONS

This dissertation presents three specific critical contributions to field of
fabrication of QDLEDs as light sources for biological imaging. First, we developed a
design for fabrication of QDLEDs on glass substrate with long life spans, without special
storage or encapsulation conditions. The improvement in working and shelf life of the
device was achieved simply through changes in the materials used and fabrication
methods applied. We developed a fabrication method that was silicon compatible and
easy to fabricate. The methodology was also kept compatible with both microcontact
printing and spin coating of QDs to offer flexibility in the fabrication of multicolor or
single color QDLEDs on one substrate.

The second contribution was in the improvement of light extraction from the
QDLEDs. We showed the integration of a plasmonic grating pattern with the fabricated
QDLED and demonstrated a marked increase in the intensity of light obtained from the
device. The plasmonic grating pattern is designed to reflect Plasmon waves travelling
along the metal electrode of the LED, resulting in increase in the extracted light intensity.
We also demonstrated the wavelength specific nature of the plasmonic grating structure.
Thus we can design the structure for the specific wavelength of interest.

Third, we demonstrated the used of our fabricated multicolor LEDs for imaging
of biological samples. Ws showed the usefulness of multicolor, individually addressable
light sources on a single substrate. Our QDLEDs can be integrated with lab-on-chip

systems for spectroscopic measurements.

1.3 DISSERTATION ROADMAP

The motivations for the dissertation and current challenges in on-chip imaging are

introduced in Chapter 1. To achieve the goal of integrating multicolor light sources for
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on-chip imaging, in Chapter 2 is presented, a review of commercially available LEDs and
colloidal quantum dot based light emitting diodes technologies currently under research.
Comparisons of the advantages and disadvantages of various light sources and the
rationale of the chosen approach are subsequently presented. Based on the requirements
of the target application, the design, fabrication and characterization of the basic QDLED
structure are presented in Chapter 3. This is the initial device design. Changes made in
the design of the device structure including materials used and fabrication methods
applied to overcome drawbacks found upon testing the basic device are described in
Chapter 4. Quantitative comparisons of emission and storage lifetimes and intensities
between the modified and basic design are presented. Chapter 5 focuses on the
improvement in intensity of the modified design. Strategies for enhancement of light
extraction from the QDLEDs are introduced. The design of the plasmonic pattern based
on analytical and simulation results and its integration with our QDLED structure is
presented. Comparisons of light intensity obtained from QDLEDs with and without
integration of surface roughening and patterning strategies are also discussed. Following
the discussion on improvements in QDLED performance based on device lifetimes and
intensities, the application of QDLEDs as multispectral light sources for imaging of
biological samples is presented in Chapter 6. Finally, Chapter 7 summarizes the

dissertation and presents future research directions.
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CHAPTER 2: TYPES OF LIGHT EMITTING DIODES

2.1 INTRODUCTION

Light emitting diodes (LEDs) emit light when activated by the recombination of
electrons and holes within a basic pn-junction diode [40]. LEDs can be classified into two
categories: (a) inorganic based light emitting diodes and (b) organic based light emitting
diodes. LEDs have vast applications in full color displays for televisions, cell phones,
flashlights, etc. [40]. LEDs have many advantages over incandescent light sources like
higher efficiency, lower power consumption, longer lifetimes and smaller size.

We first review the commercially available LEDs which are of two types,
inorganic LEDs and organic LEDs. We then introduce colloidal quantum dot basted
LEDs which can also be classified based on the use of organic and inorganic materials.
Through these discussions, we describe the choices of materials and films used in the

design of our QDLEDs.

2.2 REVIEW OF LIGHT EMITTING DIODES

2.2.1 Inorganic Light Emitting Diodes

Inorganic LEDs are made from crystalline semiconductor materials. The
semiconducting material is doped with impurities to create a p-n junction. Upon
application of a voltage, current flows from the anode to the cathode. Electrons and holes

flow into the junction and when they combine, the electron falls to a lower energy level

11



and releases the excess energy in the form of a photon. This is the radiative nature of
electron-hole combination.

The wavelength of the light emitted in this case, depends on the energy band gap
of the materials forming the p-n junction, since this defines the amount of energy released
in the form of a photon. Some materials, like silicon and germanium, are indirect band-
gap materials. In such materials non-radiative recombinations are dominant. Radiative
recombination lifetimes are on the order of milliseconds. This leads to very low
efficiencies, especially at room temperature. All these factors limit the pure wavelengths
of light that can be obtained from inorganic LEDs. Materials used to fabricate LEDs have
a direct band gap with energies corresponding to near-infrared, visible or near-ultraviolet
wavelengths.

Compound semiconductor materials like gallium arsenide, gallium phosphide and
indium phosphide are used to make the p-n junction. These compound semiconductors
are classified according to the valence bands occupied. I1I-V semiconductor materials are
generally used to make LEDs. The wavelength of light obtained from the LEDs is
designed by selecting specific materials. Pure gallium arsenide emits in the infra red
region. Other materials commonly used are aluminum gallium arsenide (AlGaAs) for
visible red region, gallium phosphide for green region and aluminum indium gallium
phosphide for the yellow and orange region.

Silicon is an indirect band gap material. The radiative band-to-band transitions are
rare. These materials have radiative recombination lifetime on the order of milliseconds.
As a consequence, nonradiative recombination at the defects is dominant. This leads to
very low efficiencies, especially at room temperature. A number of different methods

have been used to investigate emission from silicon namely, bulk silicon light emitting
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diodes, rare earth doped nanocrystalline silicon, SOI based LEDs and porous silicon
based LEDs [41].

The advantages of inorganic LEDs are high efficiency, low turn-on voltage, high
emission intensity and long lifetimes. There are however some inherent drawbacks due to
the nature of operation of inorganic LEDs. LEDs of different emission wavelengths
cannot be easily made. Certain wavelengths are produced using either combinations of
LEDs emitting primary colors or by the use of a phosphor material in combination with a
blue or UVLED to achieve desired wavelength. Using this method, it is not possible to
achieve saturated, pure, single wavelengths emissions in all regions of the visible
spectrum. The average Full Width Half Maximum (FWHM) for a commercially available
inorganic LED is 70~90nm. Another issue faced by these types of systems is that

differences exist in the FWHM and efficiency based on the emission wavelength.

2.2.2 Organic Light Emitting Diodes

LEDs in which the emissive layer is composed of an organic compound are called
Organic Light Emitting Diodes (OLEDs). The basic structure of OLEDs consists of a
layer of certain types of organic materials between two electrodes. The organic materials
used are electrically conductive with conductivities ranging from highly conductive to
highly resistive. These materials are considered to be organic semiconductors. Different
strategies are applied to fabricate OLEDs.

The most basic structure of polymer OLED consists of a layer of organic material
between two electrodes. Other strategies consist of designs with two or more polymer
layers to improve the efficiency of the device. Materials and layers are chosen to

improve charge injection from electrodes or to block the charge from reaching the
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opposite electrode. Since silicon has an indirect band-gap nature, it is difficult to get good
light emission from silicon. To overcome this drawback, organic LEDs have been
combined with silicon substrate [42].

OLEDs are cheaper to produce as compared to traditional inorganic LEDs.
OLEDs have found wide applications in cell phones, television displays, digital cameras,
etc. [43]. OLEDs have the advantage of good color, brightness, contrast, power
efficiency and fast response time. They do not require backlight since each pixel can be
controlled individually. This makes it possible to have thinner and more compact OLEDs.
OLEDs however face some problems such as instability and lower carrier mobility.

One of the biggest technical issues faced by OLEDs is that of limited lifespan.
The lifespan of such devices is limited by the rate of degradation of organic materials.
Nonradiative recombination centers and luminescence quenchers accumulate, over time
in the emissive layer of the OLED. This results in degradation of the emissive layer.
Besides this type of electrochemical degradation, the organic emitters are also susceptible
to environmental factors like moisture and thermal conditions.

Due to these drawbacks, organic emitters are gradually being replaced with
semiconductor nanocrystals. Nanocrystal emitters have the advantages of well defined
and tunable quality of emission along with different emission colors, electron affinities

and 1onization potentials.

2.2.3 Quantum Dot Light Emitting Diodes

The structure of Quantum Dot Light Emitting Diodes (QDLEDs) is very similar
to the structure of OLEDs. The emissive organic layer in the OLED structure is replaced

by a layer of QDs. Initial QDLEDs consisted of a basic structure of QDs between the two
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electrodes. Improvement in the efficiency of QDLEDs has been achieved over time by
the addition of Electron and Hole Transporting Layers (ETL and HTL) between which
the QD layer is sandwiched. When an electric field is applied to this structure, electrons
and holes move into the quantum dot layer and recombine, resulting in emission of
photons.

Compared to traditional inorganic LEDs and OLEDs, QDLEDs display some
inherent advantages like better saturation of colors, smaller Full Width Half Maximum
(FWHM) value of about 20~30nm. QDLEDs can be fabricated into compact systems.
Due to the capability of QDLEDs of working without backlight, they have the possibility
of fabricating flexible devices and fabricating multicolor QDLEDs on a single substrate.
However QDLEDs face some disadvantages such as low efficiency and lifetime.

QDLEDs are of two basic types a) QDLEDs with organic materials for charge
transport layers and b) QDLEDs with inorganic materials for charge transport layers. For
the first type in which organic charge transport layers are used, QDLEDs show relatively
higher efficiency and have a simpler device design and fabrication. However they face
problems like lower maximum current density and device instabilities. To overcome
these disadvantages, QDLEDs with inorganic charge transport layers were designed.
These devices show better stability but there is a loss of efficiency due to QD damage

during deposition of overlying inorganic layers.
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2.3 COLLOIDAL QUANTUM DOT BASED LIGHT EMITTING DIODES

2.3.1 Properties of Quantum Dots

Quantum dots are semiconductor materials whose excitons are confined in all
three dimensions [44]. They have properties that are in between bulk semiconductors and
discrete molecules. The emission wavelength of the particle is controlled by the size of
the nanoparticles of the same material (Figure 2.1). Quantum dots have been synthesized
to emit light at wavelengths ranging from ultraviolet to infrared. These particles have
typical photoluminescence with a full width half maximum (FWHM) of 30 nm or less
(Figure 2.2). This narrow spectral distribution indicates the color purity of the emitted

light.
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Figure 2.1: Colloidal Quantum Dots made of CdSe/ZnS(core/shell) (a) shows size
dependence of emission wavelength from QDs (b) Photoluminescence from
QDs of different wavelengths (sizes) [45]
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Quantum Dots are currently fabricated using two techniques. These two types of
QDs are: (a) Epitaxial and (b) Colloidal. Epitaxial quantum dots are formed by depositing
a semiconducting material on a substrate by using Molecular Beam Epitaxy (MBE). The
strain causes the top material to buckle and form quantum dots by the Stranski Krastanow
growth method [46]. Synthesis of colloidal quantum dots involves the injection of
precursors into the organic solvents at high temperatures [47]. The temperature activates
nucleation of small crystallites that continue to grow from the unreacted precursors until
stopped by cooling. The size of the QDs fabricated using this method can thus be finely
controlled, by controlling the process time during synthesis. This process results in
monodisperse solution. Colloidal quantum dots are preferred over epitaxial quantum dots,

due to their low cost, ease of fabrication and integration.
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Figure 2.2: Absorption vs. fluorescence of quantum dots with different emission
wavelengths [45]
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In our experiments, we use the core-shell type of colloidal quantum dots with an
organic capping layer. Core and shell structures are typically composed of type II-VI, IV-
VI and III-V semiconductors. We will focus our discussion more on the Cadmium
selenide (CdSe): Zinc Sulfide (ZnS) core: shell quantum dots that we use in this thesis.
Organic capping is typically provided to prevent the aggregation or precipitation of
quantum dots (Figure 2.3). Organic compounds such as thiols, trioxtylphosphine oxide

oleic acids have been used to create organic capping.
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Figure 2.3: Schematic showing structure of core: shell Quantum Dots [45]

Core-shell QDs are divided into three types based on the relative conduction and
valence band edge alignment of the core and shell. The types are: (a) Type I, (b) Reverse
Type I and (c) Type IL. In Type I, the bandgap of the core is smaller than that of the shell.
Due to this, the conduction and valence band edges of the core lie within the bandgap of
the shell, confining the electrons and holes in the core. In the Reverse Type I
configuration, the bandgap of the core is wider than the shell and the valence and
conduction band edges of the shell lie within the band edges of the core. In the Type II
configuration, the valence and conduction band edges of the core are both either lower or

higher than the band edges of the shell.
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Quantum Dots have properties between those of bulk semiconductors and single
molecules. When the size of a semiconductor crystal becomes small enough that it
approaches the size of the Exciton Bohr Radius, then the electron energy levels can no
longer be treated as continuous. The energy levels must be treated as discrete, such that a
small and finite separation between energy levels is present. This situation of discrete
energy levels is called quantum confinement, and under these conditions, the
semiconductor material ceases to resemble bulk, and instead can be called a quantum dot

(Figure 2.4).
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Figure 2.4: Schematic showing differences in energy bandgap structure of core: shell
Quantum Dots and bulk semiconductor material [45]
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Quantum Dots can be excited in two ways to achieve fluorescence from them,
namely (a) Photoluminescence and (b) Electroluminescence. In photoluminescence, QDs
are excited by light of a lower wavelength and red shifted emission of the emission
wavelength corresponding to the quantum dot size is obtained. In electroluminescence,

electric field is applied to a layer of quantum dots to obtain emission of photons.

2.3.2 Photoluminescence and Electroluminescence

Photoluminescence occurs in quantum dots when a light of lower wavelength,
thus higher energy excites a quantum dot. The diameter of quantum dots is smaller than
the size of its exciton Bohr radius which leads to quantum confinement. Fluorescence
occurs when an excited electron relaxes to ground state, combining with a hole. In
photoluminescence the initial energy required to move the electron to a higher energy
state is provided by a photon of higher energy striking on the quantum dot. The red
shifted emission wavelength thus depends on the band gap energy, the confinement
energies of the electron-hole pair and bound energy of the exciton. The emission energy
thus depends on the size of the quantum dot.

In electroluminescence, the excitement energy for moving an electron to a higher
energy level is provided by the recombination of electrons and holes, in the vicinity of the

quantum dot, due to the application of an electric field.
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2.4 BASIC QUANTUM DOT LED STRUCTURE

2.4.1 Device Structure Design

As described in an earlier section, the structure of QDLEDs is similar to the basic
structure of OLEDs. The organic layer in OLEDs is replaced with a layer of QDs. When
an electric field is applied across the device, the electrons and holes move to the QD
layer, which is sandwiched between the anode and cathode, and is captured in the QD,
where they recombine to emit a photon. To improve the efficiency of the QDLED and to
address the challenge of bringing together the electrons and holes in a small region of the
QD layer, Hole Transporting and Electron Transporting Layers (HTL and ETL) were
added to the structure. ETL and HTL effectively bring together the electrons and holes in
the small region of the QD layer and suppress the dissipation and escape of photons. A
single layer of QDs is used as the emissive layer, to allow electrons and holes to be
directly transferred from the surfaces of the ETL and HTL, to provide high recombination
efficiency.

The choice of materials for the ETL and HTL depends upon a number of
conditions, including the application and desired qualities of the QDLED. Organic,
inorganic or a combination of the two materials can be used. Depending on the use of
organic or inorganic materials, injection and transport of either holes or electrons is
favored. This results in electron-hole combination, either closer to the cathode or to the
anode, which can lead to the quenching of produced excitons. To prevent this, a number
of strategies are used. In some cases where organic materials, which favor hole transport
are used, an extra hole-blocking layer is introduced. Other strategies include the
optimization of HTL and ETL through changing of thin-film thickness and fabrication

techniques to balance the charge carrier and transport capacities of the two layers.
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The choice of HTL and ETL materials significantly affects the other layers of
the QDLED structure. When organic materials are used to form the ETL and HTL, the
fabrication of these layers is usually done by spin coating of the Charge Transport Layers
(CTLs). This imposes certain constraints on the materials that can be chosen and also the
fabrication methods used to deposit the underlying and overlying layers. Some solvents
can affect the underlying electrode during deposition and if baking is required, this can
affect the resistance of the underlying layer. The deposition of QDs also faces some
constraints when the CTLs are organic layers since organic solvents have to be deposited
before and after the deposition of the QDs which can disturb the QD layer.

When inorganic materials are chosen to be used as the CTLs, the properties of
inorganic thin films can affect the performance of the QDLED structure. Different
approaches to thin film deposition have to be explored to avoid pin-holes and other
defects in CTLs to protect QDs from environmental contact and also from direct contact
with the electrodes. During deposition of the layer over the QDs, some metal oxide
deposition techniques requiring high temperature cannot be used, to avoid degradation of
the QD layer. The charge transport capabilities of the ETL and HTL have to be finely
tuned to enable the recombination of holes and electrons in the QD Ilayer as
recombination in other layers reduces efficiency. Other factors which affect the choice of
CTL materials and fabrication methods are the ease of handling and fabrication
compatibility, optical and electronic properties of thin films and physical properties such
as uniformity of film obtained, control over thickness etc.

The choice of the cathode and anode used depends on various desired properties.
Usually Indium Tin Oxide (ITO) is used as an anode material for fabrication of a
QDLED on a glass substrate. This is because of the hole injection capabilities of ITO in

addition to ITO being optically transparent in the visible wavelength range, allowing the
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passage of the QD emission through the anode and glass substrate. In some other designs,
doped silicon is used as an anode and in this case the cathode is kept transparent to obtain
the light emissions. A metal like Aluminum or Silver is usually used to form the cathode
due to its electron injecting capacity. The choice of metal is made depending on the
desired fabrication method compatible with the underlying layer, desired lifetime and
thickness.

Quantum dots are chosen based on the desired wavelength, emission intensity and
deposition method to be used, which also depends on the other materials used in the
structure design. A number of methods have been studied and developed for the

deposition of QDs onto different substrates.

2.4.2 Quantum Dot Patterning Methods

Deposition of Quantum Dots to create LEDs forms a defining step in QDLED
device design and performance. Several approaches have been explored which have
certain advantages depending on the desired application of the QDLED. Some factors
however are common across the different deposition strategies. For high QDLED
efficiency, it is desirable to deposit a monolayer or bilayer of QDs across the QDLED
surface. High uniformity without defects is desired.

Some standard methods of QD deposition, which have been implemented to
create quantum dot thin films are, phase separation, spin coating, Langmuir Blodgett

method and microcontact printing.
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(a) Phase Separation

Phase separation is usually used as a method of quantum dot deposition in cases
where organic materials are used as charge transporting layers. In this method, the
organic layer and QDs are spin coated at the same time. During the spin coating process,
the QDs separate from the small molecules and form a monolayer on top of the organic
top surface. Devices fabricated using this method have shown an efficiency of 2% [48].
This method however places some constraints on the organic material that can be used,
since the organic material is required to be compatible with quantum dots. Another
constraint of this method is that the quantum dots cannot be patterned on the substrate

while depositing.

(b) Spin Coating

Spin coating of quantum dots in chloroform solution can be used in the cases of
inorganic charge transport layers and has also been shown to work on a hydrophobic
thermally cross-linked hole transport layer [49]. The devices showed an efficiency of
1.6% in this method. One condition while using this method of quantum dot deposition is
that the charge transport layer underlying the quantum dot layer must remain unaffected
by chloroform which is used as a solvent. Patterning of multicolor quantum dots on a

single substrate cannot be done using this method.
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(¢) Langmuir Blodgett Method

In this method, Metal organo-chemical vapor deposition was combined with
colloidal quantum dots. A Langmuir Blodgett film of quantum dots was sandwiched
between a p-type MOCVD GaN layer grown on sapphire and n-type GaN layer grown

using epitaxy as demonstrated by Achermann, et. al. [50].

(d) Micro-contact Printing

In this method patterning is done using conformal contact of inked PDMS on flat
substrates. In the case of QDLED fabrication, micro-contact printing can be used for
deposition of quantum dots. This method allows for patterning of quantum dots on non-
planar surfaces and this is its main advantage over methods like photolithography, inkjet
printing, nano-imprinting and soft lithography.

Although micro-contact printing techniques have been widely applied towards
deposition of various particles, this method is of particular interest in our application due
to some of its inherent advantages. In this technique, a polydimethylsiloxane (PDMS)
stamp is used to transfer films of quantum dots onto the substrate. This methodology
enables contact of the stamp over controllable areas of the substrate, making it possible to
pattern films in nanometer, micrometer and even millimeter ranges, providing great
flexibility in device size. This method has the advantages of low cost, high resolution and
large area of operation [51, 52, 53].

Use of PDMS stamps has some drawbacks. Non-polar solvents cannot be used in
combination with PDMS since they cause swelling of the PDMS stamp, resulting in a
change in shape and size of the stamp. This property of PDMS does not allow for the
direct use of colloidal quantum dots in chloroform or toluene in combination with the

PDMS stamps. Alternate methods like modifying the PDMS surface by coating Parylene-
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C using Chemical Vapor Deposition (CVD) or inkjet printing of quantum dots onto the
PDMS surface have been tried to avoid or minimize the contact between PDMS and
solvent. These methods are complicated and result in wastage of a significant amount of
material [54, 55, 56].

We use a method previously developed in our lab, where colloidal quantum dots
re-suspended in hexane and 1,2-dichloroethane, are used in a Langmuir Schaffer
technique to create thin films. The thin films of quantum dots are then picked up by

PDMS stamps and are micro-contact printed on to the hard substrate [20, 21].

2.5 SUMMARY

In this chapter we discussed the various types of light emitting devices, including
traditional inorganic LEDs, organic LEDs and quantum dot based LEDs. Traditional
LEDs have the advantages of low cost, high intensity and long lifetime, however they
lack the capability of single wavelength emission and are not available at all wavelengths
in the visible range. This is because in these types of LEDs, the material defines the
emission wavelength. This drawback makes them unsuitable for our desired application.

In the case of organic LEDs, they have some advantages over traditional LEDs
like compact size and possibility of flexible devices however they face drawbacks like
relatively short lifetime, large emission bandwidth and degradation over time. Due to
these, we opt for colloidal quantum dot LEDs for our application. QDLEDs can be
fabricated at very compact sizes and emission wavelengths with narrow bandwidth can be
achieved over the entire visible spectrum.

We also discussed strategies for device design, including materials and conditions

for each layer in the sandwich structure of the QDLED including an overview of various
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techniques that can be used for quantum dot deposition. The next chapter will discuss

our specific device design and fabrication.
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CHAPTER 3: QDLED BASIC DESIGN- FABRICATION AND
CHARACTERIZATION

3.1 INTRODUCTION

In this chapter, we introduce the design and fabrication of a colloidal quantum dot
based light emitting device (QDLED) structure with inorganic charge transport layers
(CTLs). Such a device was first introduced in 2006 by Caruge, Halpert and Bulovic [57].
The QDLED structure is based on a glass substrate with a combination of NiO as HTL
and ZnO:SnO, as the ETL. An ITO anode and silver cathode constituted the device
structure. Bilayers of colloidal quantum dots were deposited using spin coating
techniques to form the emissive layer of the device. These devices overcome some major
drawbacks faced by devices with organic CTLs like limited lifetime and deposition of
QDs by phase separation.

We modified the structure described, to be compatible to our application by
introducing the deposition of quantum dots using micro-contact printing techniques and
by patterning of electrodes thus allowing for the fabrication of multicolored QDLEDs on
a single substrate with a finely defined area of electroluminescence. Having the capability
of fabricating multicolor QDLEDs on a single substrate along with a defined area of
electroluminescence is critical for our application and this contributes to making use of
inorganic CTLs important for our device.

We use this structure as the basis of our experiments and will refer to it as the
control device in this thesis. In this chapter we discuss the design and fabrication of this
control device. We will also discuss the testing of the device and the analysis of

improvements required in the device to make it compatible to our application.
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3.2 DEVICE FABRICATION

A sandwich structure was fabricated with a layer of colloidal quantum dots
sandwiched between inorganic charge transporting layers. The QDLED is fabricated on a
glass substrate and Indium Tin Oxide (ITO) is used as an anode. Nickel Oxide is used as
the hole transporting layer and is deposited on top of the ITO anode. On top of this, the
quantum dot layer is deposited using two different techniques of micro-contact printing
and spin coating. On top of the quantum dot layer, a thin film of zinc oxide: tin oxide is
deposited which acts as the electron transporting layer. Silver is used as the top electrode
(cathode). Figure 3.1 (a) shows the schematic of the cross-section of the device and (b)

shows the energy band diagram which dictates the flow of electrons and holes through

the device.
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Figure 3.1: (a) Schematic of cross-section of control device and (b) Energy band
diagram of control device
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3.2.1 Fabrication of Anode

The flat glass substrate was cleaned by the three step process of rinsing with
acetone followed by methanol and water rinse. A 250nm thick ITO layer was sputtered
on the glass substrate using DC sputtering at the rate of 30A/s. Patterning of anode was
done using photolithography technique. A negative photoresist (AZ 2590) was spin
coated on top of the ITO layer. An absorbing chrome photomask was used to pattern the
anode and the sample was exposed to UV-radiation. The sample was developed by
washing in developer. ITO was then etched after post baking at 90C for 10minutes. For
ITO etching a 3:1 solution of 37% HCI and HNO3 was used. The developed sample
was washed with the etching agent for 4 minutes. After etching the remaining
photoresist was stripped by sonicating the sample in acetone followed by
sonication in methanol for 3 minutes each. After stripping of photoresist, the
sample was washed and any remaining photoresist was removed by using O,
plasma. The ITO resistance was then adjusted by annealing at 400C for 60 minutes

in the presence of oxygen.

Glass ITO

Figure 3.2: Schematic of patterned ITO anode structure (top view)
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Annealing of ITO increases the resistance of the film. This is important because
we wish eliminate the possibility of device failure by passage of current through pin holes
and other defects which might be present in the different layers of the device especially in
the QD layer. To avoid this type of failure, it is important to avoid large differences in the
resistance of the different layers of the device. We used annealing technique to increase
the resistance of the ITO layer and time and temperature of anneal was fixed through
experiments. The annealing process was used because it has been shown in literature that
upon annealing sputtered ITO also obtains better optical properties due to high refractive
index. The optical properties are also of interest to us since the emission for the QD layer

has to be obtained through the ITO layer [58].

3.2.2 Fabrication of Hole Transporting Layer

Nickel oxide was chosen to be used as the hole transporting layer due to its
suitable band gap structure and hole transport capability. Deposition of this layer was
done by using a SEC-1000/SE-1000 e-beam evaporator by CHA Industries, CA.
Deposition was done under chamber pressure of 10 torr. This was followed by
annealing in the presence of oxygen to form a NiO layer on top of the ITO layer. We
deposited a Snm thick layer of Ni on top of the ITO anode. The patterning was done
using a hard mask, during deposition. To form NiO, the sample was annealed at 400C for
30minutes.The thickness of the Ni layer that can be used, is limited due to the optical
properties required. The Ni layer cannot be too thick since it has to be completely
oxidized to form a smooth, amorphous layer, which is transparent in the visible
wavelength spectrum. Oxidation of the Ni layer by annealing it in the presence of oxygen

forms the NiO layer which is transparent. However since this oxidation takes place at a

31



high temperature, it also affects the resistance of the underlying ITO layer. This limits the
temperature and time for which oxidation can be carried out. The thickness is thus limited
by the oxidation capability and also by the charge carrier density. In our control device

we used a Snm thickness of NiO layer.

Glass ITO [] Nio

Figure 3.3: Schematic of patterned ITO anode structure with patterned NiO (top view)

3.2.3 Quantum Dot Layer Deposition

We used a process of micro-contact printing of quantum dots in combination with
the Langmuir Schaffer technique to create and deposit thin films of quantum dots on the
substrate to create the QDLED emissive layer. The procedure followed consisted of

several steps described in the following section.
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(e) Re-suspension of Quantum Dots

For our device, we used a colloidal suspension, in toluene, of quantum dots of
CdSe: ZnS (core: shell) type (Evident Technologies). The quantum dots were precipitated
and re-suspended in hexane (Reagent grade-Sigma Aldrich) to remove excess ligands.
For micro-contact printing, we prepared a suspension of 15ul of CdSe: ZnS particles in a
1:1 (vol.) solvent of hexane and 1,2-Dichloroetane. 200ul of each solvent was used and a

total of 400ul of solvent was prepared.

() Film Formation

A film of quantum dots was prepared by using the self-assembly of quantum dots.
Self-assembly techniques for formation of monolayers or thin films with multi-layered
structure using nanoparticles have been studied in the past [59, 60]. For our experiments,
we used a technique of evaporation of suspended nanoparticles on a water surface [61].
We use a modified version of the traditional Langmuir-Schaeffer technique to form a
uniform self-assembled film of quantum dots.

A Teflon disk of 20mm inner diameter and 2mm thickness was placed in a Petri
dish. Water was pipetted into the Petri dish, such that a convex water surface was formed,
pinned by the edges of the Teflon ring. The solvent with the quantum dots was pipette
onto the convex water surface. The solvent evaporated, leaving behind a uniform array of
self assembled quantum dots formed due to capillary immersion and convective forces.
Figure 3.4 shows the experimental setup and quantum dot film formation. After the

formation of this film the micro-contact printing step was performed.
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(a)

Convex Water Surface Colloidal Suspension

Water

Teflon Ring

Figure 3.4: Experimental setup for QD monolayer formation (a) Schematic of setup
indicating the Teflon ring , the convex water surface pinned by the Teflon
ring and the colloidal quantum dot suspension pipetted on the water surface.
(b) Picture of actual setup with quantum dots excited by ultraviolet LED.
Emission wavelength of QDs used is 580nm.

(g) Micro-contact Printing

Upon formation of the quantum dot film on the water surface, the film was picked
up by hydrophobic polydimethylsiloxane (PDMS) stamps and deposited on to the NiO
layer. This was repeated with quantum dots of different emission wavelengths. We used
quantum dots of two different emission wavelengths, 580nm and 600nm.

The PDMS stamp was fabricated using rapid prototyping technique. SUS
photoresist (Microchem Corp [62]) was patterned photolithographically on a silicon
wafer. PDMS (Sylgard 184, Dow Corning Corp [63]), with added curing agent in the
ratio of 10:1 was poured over the SU8 master mold. This was cured by baking at 70C for
30 minutes and then peeled off to form stamps [64].

The PDMS stamp was cut into desired shape and size and the stamp was used to

pick up the QD film formed on the convex water surface. The inked stamp was then
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inverted onto the substrate and gentle pressure was applied to cause transfer of the
quantum dot particles from the PDMS stamp to the substrate. Figure 3.5 shows the

procedure used for micro-contact printing.

(a)

Figure 3.5: Micro-contact printing of quantum dot film (a) Schematic of micro-contact
printing procedure (b) Picture of actual setup showing the PDMS stamp and
the sample on which QD film is transferred

Patterning was done by repeating this procedure several times, separately for each
QDLED corresponding to each electrode. Quantum dots of two emission wavelengths
580nm and 600nm were used to create multicolor QDLEDs on a single substrate. Figure
3.6 shows the image of photoluminescence from a micro-contact printed quantum dot

pattern.
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Figure 3.6: Photoluminescence image of patterned micro-contact printed QDs (EM
600nm) excited with a UVLED.

3.2.4 Electron Transporting Layer Deposition

A mixture of ZnO:SnO, was used as the Electron transporting layer. This material
was chosen because of its compatible band gap structure. This alloy is an n-type
semiconductor and its conduction band allows injection of electrons onto the CdSe: ZnS
conduction band. The other property of this metal oxide is its ability to form thin
amorphous films. We co-sputtered a mixture of ZnO:SnO, using RF sputtering process
(Edward Auto 500) using a power of 40W at a rate of 0.1A/s. The low rate was
maintained to minimize damage to the quantum dot layer. This layer was patterned using
a hard mask during deposition. Figure 3.7 shows the patterning of the ETL on our device

design.
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Figure 3.7: Schematic of patterned ITO anode structure with patterned NiO, QDs and
Zn0:SnO; (top view)

3.2.5 Cathode Deposition

The inorganic QDLED structure has a bottom emission structure. Hence, the
layers on top of the quantum dot layer, including the top electrode (cathode) do not have
particular requirements for desired optical characteristics. We use an Ag cathode in our
structure because of its electron injection capability.

We used e-beam evaporation technique using a SEC-1000/SE-1000 e-beam
evaporator by CHA Industries, CA. Deposition was done under chamber pressure of 10
torr. 30nm thick Ag film was formed. Patterning of cathode was done by using a hard
mask during deposition. Patterning of the cathode was done to define the area of
electroluminescence. Expected electroluminescence was from the intersection of the

anode, the quantum dot layer and the cathode. Figure 3.8 shows the patterning of the
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cathode and the design of the entire device, showing multiple devices on a single

substrate.
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Figure 3.8: Schematic of patterned ITO anode structure with patterned NiO, QDs,
Zn0:SnO; and Ag(top view)

3.3 DEVICE TESTING

After fabrication, the QDLEDs were tested by applying voltage across the
electrodes, to observe electroluminescence. Certain parameters were studied to quantify
the performance of our devices and were analyzed to devise changes in the QDLED
structure and fabrication to achieve better performance from our devices. In this section

we discuss the methods and results of the experiments performed.
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3.3.1 Electroluminescence Testing

To test our devices for electroluminescence, we had to apply voltage across the
device. For this, multi strand wires were attached, one each to the anode (ITO) and
cathode (Ag). Silver paste was used to attach the wires to the two electrodes and to
minimize the contact resistance. Voltage was applied in increments of 0.1Vand the
corresponding current was noted using a LabView program. Electroluminescence was
observed through an upright optical microscope at various magnifications. We fabricated
QDLEDs with quantum dot layers of two emission wavelengths (580nm and 600nm).
The size of the QDLED emission area was defined by, (a) size of micro-contact printed
quantum dot pattern and (b) the patterned area of intersection of the anode, quantum dot
layer and cathode. We fabricated QDLEDs of average area of 200pum X 800 pum.

The bandgap energy of quantum dots depends on the size of the quantum dots and
thus depends on the emission wavelength of the quantum dots. The bandgap energy of

quantum dots corresponding to various emission wavelengths is given in table 3.1.

Wavelength (nm) Bandgap (eV)
560 2.125
580 2.0
600 1.98
620 1.91

Table 3.1: Bandgap energy of Quantum dot particles
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From the table we can see that the bandgap energies of quantum dots increase
with decreasing wavelengths. Upon consideration of these values, we chose quantum
dots of wavelengths 580nm and 600nm for our experiments since they lie in the visible
range and are also require relatively lower energy to activate.

Figure 3.9 shows electroluminescence from QDLEDs at (a) 580nm and (b) 600nm
emission wavelengths. These images are taken using 10X magnification and 60s
exposure time each. We tested 56 QDLEDs with emission wavelength of 600nm and 35
QDLEDs with emission wavelength of 580nm. Measurements for turn-on voltages,
emission wavelengths and lifetimes were made.

From figure 3.9 we observed that the emission is not uniform over the entire area
of the fabricated QDLED and depends on various factors such as uniformity of the micro-
contact printed quantum dot layer, uniformity of the anode and other layers of the
QDLED structure. Another observation over the testing of all the QDLEDs was that in
the case of holes or defects in the QD layer, we found emissions from a very small area
of the QDLED. We conclude that this occurs due to the large differences in resistance in
the different layers of the QDLED. The resistance of the quantum dot layer is much
larger than the resistances of the layers surrounding the quantum dot layer. Due to this
any holes in the quantum dot layer acted as a short circuit, and all of the current passed
through this area causing emissions from the few quantum dots present close to the area
of the defect. This resulted in device failure where we obtained no emissions from the
remaining area of the QDLED. Apart from this extreme case of QDLED failure, we also
found that non-uniformity in the quantum dot layer caused corresponding non-uniformity
in the electroluminescence emissions obtained. Over time this led to failure of devices in

the devices in which excess current was passing through a particular area of the device.
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Figure 3.9:

Electroluminescence of basic QDLEDs, (a) Electroluminescence from
580nm QDLED taken with 10X magnification and 60s exposure time (b)
Electroluminescence from 600nm QDLED with taken with 10X
magnification and 60s exposure time
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Since the emission from the QDLED is observed through the glass substrate,
emissions from the hole transporting layer (HTL) can get added on to the emissions from
the quantum dot layer. Emission from other layers can occur due to imbalances in charge
carriers, causing the electrons and holes to combine in layers other than the quantum dot
layer. To avoid these emissions, the thicknesses of the charge transport layers (CTLs)
were fixed through iterative experiments. To obtain the spectra, we used a spectrometer
with exposure time of 300 seconds. The Figure 3.10 shows spectra obtained from
QDLEDs with 580nm and 600nm emission wavelengths. The inset has an image of a

QDLED at 10X magnification with 60s exposure time taken with a RGB CCD.
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Figure 3.10: Electroluminescence characteristics of QDLEDs. Spectra measured during
electroluminescence of 580nm and 600nm QD LEDs (exposure time 300s).
Inset shows electroluminescence image taken with microscope at 10X
magnification (scale bar is 200pm) with exposure time 60s.
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For measurements over all samples fabricated, (n=56 for 600nm wavelength and
n=35 for 580nm wavelength), full width half maximum values were found to be ~40nm
for 600nm QDLEDs and ~38nm for 580nm QDLEDs. From these values we conclude
that we have achieved good charge carrier balance and do not observe very high

emissions from any layer other than the quantum dot layer.

3.3.2 I-V Characteristics

While testing our QDLEDs, we noted the current through the device at
incremental voltage values. We also noted the turn-on voltages for each device. I-V
characteristics of QDLEDs are important for a number of reasons. A high turn-on voltage
reduces the working lifetime of the device. High voltages increase the temperature of the
device causing breakdown of various layers of the device and also reduce the efficiency

of the device. Figure 3.11 shows the I-V characteristics for one pair of 580nm and 600nm

QDLED:s tested.
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Figure 3.11: I-V curves for 580nm and 600nm QDLEDs showing turn-on voltage
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Over the samples tested, we found an average turn-on voltage for 580nm
QDLEDs to be 20.4V and that for 600nm QDLEDs to be 18.7V. We expect the voltage
for 580nm QDLEDs to be higher than that of 600nm QDLEDs since the energy bandgap
for 580nm quantum dots is larger than that for 600nm quantum dots.

Another important characteristic of QDLEDs that we focused on was the lifetime
of the device. For the devices tested, we applied voltage in 0.1V increments till the turn-
on voltage was reached. After we observed emissions from the device, we applied
constant voltage to the QDLED and we found the maximum lifetime of the devices over
the entire sample size to be 160 minutes for the 580nm LEDs and 150 minutes for the
600nm LEDs. Device failure was usually a result of electrode damage due to high voltage

or due to burning of QDs from direct contact with electrodes.

3.3.3 Areas of Device Improvement

From the experimental results discussed in the section above, we found several

areas of improvement which are discussed in this section:

(a) ITO Anode
From the photolithography and wet etching techniques used for patterning the
anode, we found some non-uniformity in the ITO pattern. This happens because it is
difficult to control the spin-coating and etching time exactly to obtain perfectly uniform
patterns. We obtain bevel shaped anode structures which affect the resistance of the
anode. The resistance of the anode showed differences at the edges as compared to the
resistance over the entire region of the anode. This can cause failure at the edges of the

QDLED.
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(b) Hole Transporting Layer

Since e-beam evaporation was used to deposit NiO as the hole transporting layer,
maximum possible thickness of the HTL is constrained by the optical properties and
annealing and oxidation requirement. Excessive annealing can lead to increase in the
resistance of the underlying ITO layer and less annealing can lead to incomplete
oxidation of the Ni layer, forming pockets of NiO which disrupts both the optical and
electrical characteristics of the device. Deposition of thin films less than 10nm in
thickness using e-beam evaporation causes pin-hole defects and patches in the film. This
leads to uneven hole transport and patches can cause quantum dots to come in contact
with the environment and also causes direct contact with the anode. At high turn-on
voltages, direct contact of quantum dots with the anode can cause burning and damage of
quantum dots. Contact of quantum dots with the environment causes degradation of QDs

and leads to reduced lifetime of device.

(c) Electron Transporting Layer
We co-sputtered an amorphous film of ZnO:SnO, as the electron transporting
layer. This amorphous film is sputtered directly on the QD layer. Quantum dots are
damaged during this sputtering and the amorphous layer also causes contact of the
quantum dot layer with the environment. This reduces the efficiency and lifetime of the
QDLED. Sputtering also causes quenching of the quantum dots, this leads to lower

intensity of electroluminescence.
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(d) Cathode
In this device silver was used as the material for the cathode and was deposited
using e-beam evaporation. Ag is easily oxidized and does not conduct current well after

oxidation. This leads to lower lifetime of device.

3.4 SUMMARY

In this chapter we discussed the basic device which was used as a control device
to be improved upon during further experiments. The basic device structure used was a
modified version of devices presented in literature. We discussed the experimental results
obtained from devices with this configuration and upon analysis of the results,
enumerated the areas of the device which could be changed to obtain better performance.
In the next chapter we will discuss strategies for improvements in this basic design and

compare the performance results of the two designs.
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CHAPTER 4: QDLED MODIFIED DESIGN- FABRICATION AND
CHARACTERIZATION

4.1 INTRODUCTION

In this chapter, we introduce changes in the device design described in chapter 3.
We focused on analysis of the experiments performed using QDLEDs fabricated
according the basic design and made changes in the design to improve the performance of
our QDLEDs. We focused separately on each layer and devised strategies to overcome
the drawbacks which were analyzed and presented in the previous chapter.

We also present experiments with the modified device and make quantitative
comparisons between performance parameters obtained during experiments with the
basic devices and modified devices.

For changes in the device design, we still use the basic sandwich structure of the
inorganic QDLED because of the advantages of inorganic charge transport layers
discussed earlier [57]. Changes were made in the materials and fabrication techniques
used to improve device performance. First, we focus on improvement of device lifetime.
We will first describe and characterize the changes made to each layer of the QDLED
structure followed by analysis and comparisons of experimental results to quantify the

improved performance obtained from our new device design.

4.2 MODIFIED DEVICE DESIGN

Based on our analysis, presented in chapter three, we discuss here the drawbacks
of each layer, specific to our target application and describe modifications made to each

layer to overcome individual constraints.
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4.2.1 Anode Patterning

In the basic QDLED design, the anode was fabricated by deposition of ITO on a
glass substrate followed by photolithography and wet etching techniques to pattern the
anode. Some of the drawbacks of this method were that the etching rate could not be
controlled very closely in the prototype fabrication facility because the concentrations of
acids used cannot be exact which leads to differences in etching rates. This resulted in
anodes with surface non-uniformities and beveled edges, which caused differences in
resistances in the various areas of the anode leading to non-uniform emissions and
possible failure of devices due to excessive current and heat passing through a small
region of the device.

To overcome these constraints, we replaced the photolithography-wet etching
technique. A hard mask was used for patterning during sputtering of the ITO to obtain
uniform deposition over the entire anode area. RF sputtering was done using UNIVEX-
450 system. Deposition was done at high vacuum of 10° mbar to obtain uniform
sputtering in an Argon environment, with 200W power. Rate of deposition used was
30A/s to deposit a 250nm thick anode.

To create the hard mask for patterning, we used kapton tape. Kapton tape is
compatible with the sputtering chamber and can be used in environments ranging from -
196C to +400C. The maximum temperature of the chamber during sputter deposition is
expected to be 200C. Kapton tape has a thickness of 0.03mm. This small thickness is
advantageous because it allows for a smaller step between the substrate and the mask,
resulting in sharper edges of the pattern after deposition. Similar to the first device, [TO
resistance was then adjusted by annealing at 400C for 60 minutes in the presence

of oxygen [58].
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4.2.2 Hole Transporting Layer

In the basic design, NiO hole transporting was fabricated by e-beam evaporation
of 5nm thick layer of Ni, followed by annealing in oxygen to form NiO. We enumerated
the drawbacks of this method which included (a) constraints on thickness of layer that
could be deposited to maintain optical properties of the layer, leading to direct contact of
quantum dots with the anode and also with environment decreasing device lifetime (b)
Patched Ni layer due to small thickness, which is difficult to control in e-beam
evaporation technique even at very high vacuum levels (¢) pockets on unoxidized Ni in
the NiO layer which leads to non-uniform charge transport causing lower lifetime of
device.

In the new design, we tried to address all the drawbacks from the previous device.
Changes were made in both the materials and the fabrication techniques used. To
overcome the constraint of low thickness, and patched layer due to small thickness, we
first replaced the method of NiO layer fabrication. We had two choices for replacing the
e-beam evaporation technique, namely, sputtering and spin-coating. We chose to
fabricate this layer by spin coating Nickel Acetate tetrahydrate in methanol at 1500 rpm
and then annealing at 120C for 90 minutes. The 20nm thick film has been shown to have
optical properties which do not affect the device in the visible wavelength range and
small thicknesses of 20nm [65].

Spin coating followed by annealing gives a smoother surface with fewer holes and
other defects as compared to sputtered films of similar thickness. For this reason, we
chose spin-coating followed by annealing as the technique to deposit this layer. Since
annealing is done at low temperature of 120C, it does not greatly affect the resistance of

the underlying ITO layer. Figure 4.1 shows the comparison between uniformity of
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sputtered and spin coated NiO film by comparing Atomic Force Microscopy (AFM)

images of two such films deposited on a glass substrate with a patterned ITO layer.

15.00 nm

(b)

0.00 nm

Figure 4.1: Comparison of NiO film uniformity. (a) Sputtered film (b) Spin coated and
annealed film
From these AFM images we concluded that spin coating followed by annealing
would give much more uniform film with fewer defects and used this method to form the
NiO hole transporting layer. Spin-coating is also easier and quicker than sputtering.
The other issue with the earlier method was that of quantum dots coming in direct
contact with the anode and also with the environment causing burning and degradation of

quantum dots, lowering lifetime. Although this problem was mainly due to defects in the
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NiO layer in the basic device structure, we focused on this drawback in order to improve
device lifetime. We added an extra layer of Al,O3 between the ITO and NiO layers.

The Al,O; was deposited using Atomic Layer Deposition (ALD) technique in
which the surface of the substrate is chemically acted upon by the precursor of the metal
oxide to be deposited. Due to this, at each pulse, a single atomic layer of the material is
deposited on the substrate. This technique deposits a layer over the entire substrate
irrespective of the non-uniformities of the substrate. Thus we used Al,Os, deposited using
ALD as a protection layer between the ITO and NiO layers. Due to this, even in areas
where defects are formed in the NiO layer, quantum dots would not come in direct
contact with the ITO layer and the environment. Al,O3 has a bandgap structure similar to
NiO and can thus act as a hole injection layer. NiO layer is still required as the carrier
concentration of Al,Os, is low and using only Al,O3, as the hole transporting layer would

reduce the efficiency of the device.

4.2.3 Quantum Dot Layer

In the first design we used micro-contact printing as the method for deposition of
quantum dots. This method is important for our target application as we want to create
multicolor QDLEDs on a single substrate. Hence we use the same method in our new
device design. However, since most literature uses spin coating of quantum dots as the
method of deposition of quantum dots, we also apply this method to deposit quantum
dots in our device. For the second device we used two methods, micro-contact printing
and spin coating to deposit quantum dots. Micro-contact printing is done using the

method described in chapter 3.
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For spin coating, we re-suspended Syl of quantum dots in 200ul chloroform. The
solution was spin coated at 2500rpm to form a bilayer of quantum dots on the substrate
with patterned ITO, Al,O3; and spin coated NiO as the underlying layers. Figure 4.2 (a)
shows the schematic of the procedure of spin coating and (b) shows the QD profile after

spin coating measured using AFM.
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Figure 4.2: Spin coating of quantum dots. (a) Schematic of procedure used for spin
coating. (b) QD profile after spin coating measured using AFM.

4.2.4 Electron Transporting Layer

In the basic structure design we used a co-sputtered a layer of ZnO:SnO, as the
Electron Transporting Layer (ETL). The amorphous ETL though effective in electron
transport, does not protect the underlying QD layer from environmental factors, such as
contact with oxygen. The quantum dot layer also gets affected during the sputtering of
the metal oxide film overlying the quantum dot layer. This results in shorter lifetimes of

QDLED:s [66].
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To overcome these drawbacks, we introduced a device structure using a spin
coated ZnO nanoparticles film as the ETL. The ZnO nanoparticles film offers the
advantage of efficient electron transport and is more robust and easier to process as
compared to sputtered metal oxide films of comparable thickness [66].

For the deposition of the ZnO layer, we used n-Butanol as the solvent. N-Butanol
has a solvent polarity of 4. Due to the strong forces between the HTL and the QDs, the
spin coating of the ZnO nanoparticles in n-butanol solvent does not affect the QD layer
formed on substrate. Spin coating of the ZnO layer offers a number of advantages over
sputtering or thermal annealing of metal oxides as the ETL. The solution processed ZnO
nanoparticles film shows good electron mobility of pe ~ 1.3 x 10—3 cm2/(V s). The
crystalline ZnO film shows low CB and VB edge levels of -4.02 and -7.47¢V. The
solution processed layer is more robust than a sputtered thin film with less possibility of
pin holes in thin films. This avoids direct contact between the cathode and the QD layer.

The fabrication procedure followed was determined by an iterative experimental
process in combination with results from similar experiments in literature [66]. 2%
weight solution of ZnO nanoparticles (size: 10nm) was prepared in n-Butanol. The
solution was sonicated for 10 minutes and then spin coated on top of the QD layer at
2000rpm for 60 seconds to form a 50nm thick film. The sample was then baked at 90C

for 10 minutes to remove the solvent.

4.2.5 Cathode Patterning

In our basic device structure we used e-beam evaporation to deposit Ag electrodes
which were patterned using a hard mask. Some drawbacks of this method are the

subjection of the substrate to high temperature during e-beam evaporation and
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oxidization of the Ag cathode causes lower lifetimes. To overcome this drawback, we
substituted the cathodes by using sputtered Aluminum thin films patterned using hard
mask. Aluminum shows better qualities as a cathode and helps in improving the lifetime

of the device.

4.2.6 Summary of Device Design Modifications

For the entire device, the following changes were made in every layer:

(a) Anode: Sputtering of ITO using hard mask for patterning.

(b) Hole Transporting Layer: Al,Os layer deposited using ALD, followed by
spin coating and annealing of NiO layer.

(©) QD Layer: deposited using micro-contact printing/ spin coating

(d) Electron Transporting Layer: Spin coating of ZnO nanoparticles in n-
butanol.

(e) Cathode: Al sputtered and patterned using a hard mask

Figure 4.3 shows the comparison between the device structure used for the basic
device and the modified device structure. Energy bandgap diagram of the new device
structure is also shown to explain the flow of holes and electrons.

Schematics of the basic control device structure and the new device structure are
shown to summarize the device design modifications discussed in this section. In the next
section we discuss the experiments performed and the results obtained from this modified

device design.
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Figure 4.3: Schematic of comparison between control device and modified device
structure. (a)Schematic of control device structure, (b) Schematic of
modified device structure, (c) Energy band diagram of modified device
structure.
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4.3 MODIFIED DEVICE —TESTING

After fabrication of the modified QDLEDs, the devices were tested by applying
voltage across the electrodes to observe electroluminescence. We quantified the
performance of the QDLEDs using the same parameters that were used while testing the
QDLEDs with the basic device structure. In this section, we discuss the results obtained

upon testing of the modified QDLEDs.

4.3.1 Electroluminescence Testing

To test the electroluminescence performance of the modified QDLEDs, we
followed a procedure identical to the testing of the basic sample devices. We attached
multi strand wires, one each to the anode (ITO) and cathode (Al). Silver paste was used
to attach the wires to the two electrodes and to minimize the contact resistance. Voltage
was applied in increments of 0.1Vand the corresponding current was noted using a
LabView program. Electroluminescence was observed through an upright optical
microscope at various magnifications. We fabricated QDLEDs with quantum dot layers
of two emission wavelengths (580nm and 600nm). QDLEDs were fabricated using both
micro-contact printing and spin-coating methods of QD deposition. We fabricated
QDLEDs of ~200um X 800 um in size which were patterned by patterning of anode and
cathode. Figure 4.4 shows electroluminescence from QDLEDs at (a) 580nm and (b)
600nm emission wavelengths. These images are taken using 10X magnification and 60s
exposure time each. We tested 20 QDLEDs with emission wavelength of 600nm and 35
QDLEDs with emission wavelength of 580nm. Measurements for turn-on voltages,

emission wavelengths and lifetimes were made.
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Figure 4.4: Electroluminescence of modified QDLEDs, (a) Electroluminescence from
580nm QDLED taken with 10X magnification and 60s exposure time (b)
Electroluminescence from 600nm QDLED with taken with 10X
magnification and 60s exposure time

57



4.3.2 Device Characterization

We first measured the spectra obtained from the electroluminescence to verify
that no emissions from other layers of the QDLED are affecting the performance of our
devices. For the devices fabricated with emission wavelength of 600nm, we found a
maximum at 606nm and a full width half maximum of ~43nm on an average (n=30
QDLEDs). For the devices fabricated with emission wavelength of 580nm, we found a
maximum at 590nm and a full width half maximum of ~40nm on an average (n=20
QDLEDs).

We also measured the turn-on voltages for all the devices fabricated and saw an
average turn-on voltage of 8.2V for the 600nm wavelength QDLEDs and an average
turn-on voltage of 9.7 V for 580nm emission wavelength QDLEDs.

The third characteristic measured was the lifetime of the fabricated devices.
Voltage was applied in increments of 0.1V till the turn on voltage was reached. Upon
observing emissions from the QDLED the applied voltage was kept constant. We tested
for a maximum of 12 hours of continuous operation of the QDLED with no damage.
After this the device was stored at room conditions without encapsulation or any special
packaging and the LEDs were found to be operational for up to 8 months after

fabrication.

4.4 DEVICE COMPARISONS

After testing both the designs, namely the control sample QDLED and the
modified QDLED, we compared the performance of the two types of devices.
Comparisons of the three parameters made were intensity, turn-on voltage and device

lifetime.
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4.4.1 Comparisons of Device Intensity

We expected a marginally higher intensity from our modified structure due to
multiple reasons. The layer overlying the quantum dot layer was a spin coated ZnO
nanoparticles film and not a sputtered film; we expected the ZnO nanoparticles film to
offer an advantage of better electron transport. Also the spin coating technique is
expected to avoid the damage caused to the quantum dot layer during sputtering, thus
avoiding quenching of QDs

Also the spin coated NiO film provides higher transparency in the visible region
as compared to the e-beam evaporated, annealed film. This leads to higher extraction of
emission from the QD layer thus indirectly increasing the emission intensity observed.

The differences in intensities of the two device structures fabricated were
measured using two methods. In the first method, comparisons were made between the
maximums of the spectra obtained from the two devices. For this we measured the
spectra from all the fabricated devices. The spectra with the highest observed maxima
from each group (control samples and modified devices) were chosen and compared.
Figure 4.5 shows these comparisons for each wavelength between two devices. Inset for
each spectrum comparison shows the two specific QDLEDs which were used to obtain
the specific spectra compared.

Difference between the maximum intensity points on the spectra of the two
devices was compared and percentage increase in intensity was calculated. We found a
17% increase in maximum intensity in the 600nm QDLEDs with modified design and a
22% increase in 580nm QDLEDs with modified design as compared to the corresponding
QDLEDs fabricated using the control structure design.

Intensity comparisons were also made by using image processing methods. The
same two sets of QDLEDs were used to calculate the intensity. Images of the QDLEDs
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Figure 4.5: Comparison of emission spectra. (a) Maximum intensity from spectra for
600nm emission wavelength devices of control and modified design types.
Inset shows the two LEDs used for obtaining spectra. (b) Maximum
intensity from spectra for 580nm emission wavelength devices of control
and modified design types. Inset shows the two LEDs used for obtaining
spectra
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were taken at 10X magnification and 60 seconds exposure time each. One line across

each QDLED was chosen and intensity profile was plotted. The profile was plotted using

MATLAB and comparison was done between the average intensities of the two LEDs.

Figure 4.6 shows the QDLEDs and comparisons of intensities.
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Figure 4.6: Comparisons of QDLED emission. (a) Emission profile across 600nm

QDLED:s, (b) Emission profile across 580nm QDLEDs. All images at 10X
magnification and 60s exposure time. Insets are images of particular
QDLEDs used for measurement shown in the figure.
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From these measurements, we found an increase of ~18% in intensity of the
QDLEDs with the modified design as compared with QDLEDs with the control sample
design structure for QDLEDs with 600nm emission wavelength and a 15% increase in
intensity for the QDLEDs with 580nm emission wavelength. These values are reasonably
close to the values obtained from comparisons of the spectrum measurements from the
same LEDs. From these analyses we conclude that as expected, we obtain a marginal

increase in intensity from the modified structure

4.4.2 Comparisons of I-V curves

Upon testing of the new device design, we expected a lower turn-on voltage as
compared with the original devices, based on a number of modifications implemented.
First, the replacement of the thin, e-beam evaporated Ni layer (5nm) followed by
annealing, which resulted in patches of film with pockets of NiO, with thicker (20nm)
NiO spin coated film was expected to provide better charge transport capability. Another
reason for expected lower turn-on voltage was the use of spin-coated ZnO nanoparticles
film in the place of sputtered film. ZnO nanoparticles film has been shown to have better
charge transport capabilities and also does not affect the quantum dot layer by quenching
that occurs during sputtering [66].

From the tested QDLEDs we found average turn-on voltages of 9.7V for the
580nm wavelength QDLEDs and an 8.2V for 600nm emission wavelength QDLEDs.
This is about 9V lower than the average turn-on voltages of 18.7V for 600nm and 20.4V
580nm QDLEDs fabricated using the control sample design. Figure 4.7 shows the

comparisons between the turn-on voltages for the two groups of devices
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Figure 4.6: Comparisons of QDLED I-V curves. (a)l-V curves for QDLEDs fabricated
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4.4.3 Comparisons of Device Lifetimes

The modifications in our device structure were focused on improving the life
times of the device. We expected the modification in the device structure and fabrication
methods to eliminate the possible reasons for early device failure.

By using a ZnO nanoparticles spin coated layer for the ETL, we eliminated the
amorphous ZnO:SnO; sputtered film used in the previous structure. By this we reduce the
chances of pin holes and defects in the film leading to better protection of the quantum
dot layer from the environment and also from direct contact with the cathode. This
reduces rate of degradation of quantum dots leading to longer lifetimes. Spin coating also
protected the quantum dots from quenching and degradation which can occur during
sputtering.

The addition of the Al,Os layer deposited using ALD and the spin coated NiO
layer also helped in increasing the lifetime of the devices. The Al,O; layer ensures that
the quantum dots do not come in direct contact with the ITO anode thus reducing damage
due to burning of quantum dots. Since we use a NiO film which can be spin coated, a
much thicker film (20nm as compared to the previous Snm) can be used which leads to
fewer defects and better protection of the quantum dot layer. Thus the two spin-coated
layers of the HTL and ETL encapsulate the quantum dot layer, drastically reducing the
environmental damage and degradation of quantum dots and improving the device
lifetimes.

We found a dramatic increase in the lifetime of our devices as the modified
devices showed more than 12 hours of continuous emissions and could be stored,
unencapsulated, at room conditions for 8 months and showed electroluminescence after
this storage time as compared to the maximum of 160minutes of continuous

electroluminescence obtained from our basic device design.
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4.5 SUMMARY

In this chapter we discussed the modifications made to the device structure to
improve device performance. . We discussed the experimental results obtained from
devices with this modified configuration and compared it with results obtained from our
basic design device. We found improvements in three basic areas, a marginal increase in
intensity obtained from the QDLEDs, lower average turn-on voltages resulting in better
efficiency and a dramatic increase in the lifetime of the devices. In the next chapter we

will focus on enhancement of light extraction from the modified devices.
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CHAPTER 5: STRATEGIES FOR ENHANCEMENT OF LIGHT
EXTRACTION

5.1 INTRODUCTION

In the previous chapter we discussed the improvements achieved in the
performance of QDLEDs by implementation of specific modifications to the basic device
structure. Specifically we found an increase in device lifetime greater than three orders of
magnitude. This improvement was one of the critical factors in the applicability of our
QDLED:s in lab-on-chip systems. Another parameter that is important for our application
is the intensity of light emission obtained from the QDLEDs. With the modified design
we found an average increase in intensity of ~17%. However, the QDLEDs designed still
face some issues of loss of light energy due to various factors.

One channel of energy loss was due to coupling of Plasmon waves with the metal
electrode in the QDLED device structure. This results in waves travelling along the
surface of the electrode and being dissipated at the edges, thus reducing the energy
obtained at the region of interest, which is the direction perpendicular to the electrode.
Figure 5.1 shows examples of electroluminescence from our modified QDLEDs where
higher emission can be observed at the edges of the electrodes. Some of the strategies
proposed to enhance the light emission obtained from LEDs include substrate
modification, incorporation of scattering medium, micro lenses, nanogratings
microstructures and so on.

In this chapter we discuss two strategies to enhance the light intensity extracted
from the fabricated QDLEDs namely, electrode surface roughening and integration of

plasmonic structures with the QDLEDs.
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Figure 5.1: Images showing excessive emissions from the edges of the electrode (a)
Electroluminescence of 600nm QDLED at 60s exposure time (b)
Electroluminescence of 580nm QDLED at 60s exposure time

5.2 SURFACE ROUGHENING

5.2.1 Theory

Surface plasmons are the quanta of surface-charge-density oscillations. Metals
support surface plasmons of low energy which can be excited by light. Since one
electrode (cathode) of our QDLED structure is metallic and is very close to the QD layer,
some of the electroluminescence obtained from the QDLED can be lost as a Surface
Plasmon (SP) wave. This energy can be scattered and obtained as light intensity from the
opposite end of the LED.

There are many different strategies that can be explored to obtain this result.

Surface texturing of the electrodes is one method to improve the intensity obtained from
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the LEDs. Figure 5.2 shows the mechanism of scattering observed from a roughened

surface [67].

Figure 5.2: Schematic showing the difference between light from a flat surface Vs a
roughened surface

A number of surface roughening schemes have been applied to increase the
intensity obtained from traditional inorganic LEDs. Nano roughened surfaces prepared by
plasma etching showed a significant increase in output power [67]. Other schemes
included incorporation of gold and silver nanoparticles in the electrode layer to create a

rough surface between the metal electrode and the emissive layer.

5.2.2 Experimental Results

As an initial strategy towards the enhancement of light intensity obtained from the
fabricated QDLEDs, we applied the surface roughening strategy which has previously
been applied with traditional inorganic LEDs. We modified the QDLED fabrication
procedure to create surface roughening of the metal (Al) cathode. This was done by

modifying the fabrication of the spin-coated ZnO -electron transporting layer. As
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discussed in chapter 4, we spin coated a layer of ZnO nanoparticles (10nm diameter) in n-
butanol as solvent as the electron transporting layer. This layer formed a thin film
between the emissive QD layer and the metal cathode. To introduce surface roughening,
we introduced clusters of ZnO nanoparticles in the electron transporting layer, thus
causing roughening of the overlying aluminum cathode. Figure 5.3 shows

electroluminescence enhancement from one such QDLED with roughened metal surface.

Figure 5.3: Electroluminescence from QDLED with roughened electrode (a) Brightfield
image of QDLED electrode with roughened areas highlighted
(b)Electroluminescence showing higher intensity from areas corresponding
to the roughened electrode areas highlighted
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From figure 5.3 we can see that the highlighted areas in the brightfield image
which show the roughened electrode surface, match with the increased intensity of
electroluminescence observed from the same area. We calculated the intensities of
particular areas of both the brightfield image of the electrode and the electroluminescence
image using MATLAB. Figure 5.4 shows the comparison of the intensities of one such

arca.

(b)

Figure 5.4: Intensity plots of electroluminescence from electrode surface roughening (a)
Intensity plot from a specific area of electrode brightfield image (b)
Intensity plot electroluminescence image
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From the figure 5.4 we can see a co-relation between the intensity peaks obtained
from the bright field image and from the electroluminescence image. From the figure
5.4(a) the peaks in intensity correspond to the ZnO nanoparticles clusters which cause
roughening of the surface of the electrode. Thus from the electroluminescence intensity
plot, we see a co-relation between the roughening of the metal electrode and increased
electroluminescence intensity.

However, this method of surface roughening faces some problems which limit its
applicability in our QDLEDs. It is difficult to create clusters of nanoparticles over large
areas of the QDLED resulting in non-uniform intensity. Clusters of ZnO cause areas of
excessive charge transport compared to the remaining area of the QDLED. This can
result in device instabilities and reduced lifetime. To overcome these drawbacks, we

investigate the integration of plasmonic grating patterns with our QDLEDs.

5.3 PLASMONIC GRATING PATTERN

The resonant response of diffraction gratings is usually associated with sharp field
variations over a narrow frequency or angular band. Since the first observation [68] and
confirmation [69, 70] by Wood and Rayleigh, these phenomena have been widely studied
by many researchers, including Fano [71] who offered a breakthrough in the theoretical
understanding of these resonant anomalies. The widely accepted mechanism on which
they are based, as pointed out by several seminal papers [71, 72], consists in the complex
field interaction of guided modes supported by periodic gratings. The accurate prediction
of the dispersion of these modes has been greatly simplified with the advent of rigorous
vector models, and the concept of coupled resonances [73,74] has become a topic of

interest, envisioning new applications of optical gratings. Recent studies [75. 76, 77, 78,
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79] have shown the potential of local oscillators arrays coupled with the impinging light,
and some of them have reported significant suppressed transmission [68, 69, 70, 78, 79]

at resonance, despite their thin features

5.3.1 Design of Plasmonic Grating Pattern

The design of the pattern used for integration of our QDLEDs was based on a
number of considerations based on our QDLED design. We designed a two-dimensional
grating structure based on metal-dielectric-metal (MDM) plasmonic waveguide structure.
By realizing coupled resonance modes in this easily modeled geometry, we showed that
an effective control of resonant suppression of transmitted light could be achieved.
Depending on the resonance mode and its resulting standing wave, the designed
mechanism is highly selective to the frequency of operation.

We design a structure with, periodic gratings of periodicity p and slit width w;. In
this configuration, we assume that the slit width w;, and dielectric thickness #p are small
compared to the wavelength of operation A, and that the metal thickness ty is
significantly thicker than the skin depth at the frequency of operation, conditions that
ensure the propagation of only one fundamental mode in the MDM waveguide formed by
the two perforated metal screens. The frequency bandgap of resonant suppression of
transmitted light can be achieved by designing the adjustment of values for w; #p and tu.

For our application, we required highest resonant suppression at 580nm since we
fabricated QDLEDs with emission wavelength of 580nm emission wavelength. From
analytical calculations, we defined the parameters of the grating designed. We defined the

slit width to be 70nm, the thickness of the metal to be 50nm and thickness of dielectric
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layer to be 50nm. Figure 5.5 shows the schematic of the designed plasmonic grating

structure.

B Dielectric
Metal

Slit width=70nm
Thickness of metal=50nm

Figure 5.5: Schematic of designed Plasmonic grating structure showing specific
calculated design conditions

5.3.2 Simulation Results

With the design described in the previous section, simulations were performed to
calculate the expected increase in observed light intensity due to the reflection of
transmitted Plasmon waves. For the simulation, we considered a point source of light
(QD) placed close to a metal surface. We show simulation results first from a quantum

dot source close to a plain metal surface which represents our current QDLED structure.
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The simulation results can be seen in Figure 5.6. As we can see a major part of the QD
emission is seen to be lost through the Surface Plasmon waves transmitted along the plain
surface of the metal (electrode) Figure 5.6 (b) shows simulations for a QD source placed
close to a MDM surface with the patterned plasmonic grating structure. From the
simulation results we can see a marked increase in the intensity observed in the direction
perpendicular to the metal surface. From the simulation results we expect an increase in

intensity of ~40%, observed in the direction perpendicular to the metal surface.

(a) (b)
® Quantum Dot
------ > Free space emission A [ Metal
—> Surface plasmon S Sio,

Figure 5.6: Simulation results from Plasmonic grating structure. (a) Results from a QD
source placed close to a plain metal surface. (b) Results from a QD source
placed close to a MDM surface with Plasmonic grating pattern.
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5.3.3 Fabrication

We first fabricated the plasmonic grating structure for photoluminescence
experiments with quantum dot light sources. A structure was fabricated by sputtering of
Al-ITO-Al (MDM) layers of 50nm thickness each on a glass substrate. For sputtering of
Al and ITO, the UNIVEX-450 sputter system was used. Al was deposited using DC
sputtering in an Argon environment at a high vacuum of 10 torr. The deposition rate
used was 10A/s. ITO was deposited using RF sputtering in the presence Argon gas at 10
torr chamber pressure. A deposition rate of 10A/s was used. The entire structure was
fabricated on a glass substrate. The three layers were deposited successively without
removing the sample from the vacuum chamber.

The grating pattern was fabricated on this structure by using focused ion beam
(FIB) milling technique. For this, the FEI x835 dual beam system consisting of a Gallium
source for ion beam deposition and also including electron beam imaging capability was
used. The total area of fabricated pattern was ~25umX15um. Figure 5.7 shows Scanning
Electron Microscopy (SEM) images of the fabricated pattern at different magnifications.
The images show the milled pattern. At a higher magnification, slit width can be
measured to be ~70nm as required by the design. The slit width and depth of pattern is
controlled during fabrication by the dwell time of the focused ion beam at each point of
the pattern. Longer exposure of the sample to the ion beam causes damage to the sample.
For this reason, the ion beam imaging is switched off during the milling. After the milling
of the complete pattern, images are taken with the electron beam imaging system

included in the FEI tool.
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200 nm

Figure 5.7: SEM images of fabricated plasmonic grating structure at two magnifications
(11.5kX and 86.4kX)
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5.3.4 Photoluminescence Experiments

To demonstrate the reflection of SP waves from our Plasmonic grating pattern, we
first performed experiments using the photoluminescence property of QDs. After the
fabrication of the MDM surface and the Plasmonic grating pattern on a glass substrate, a
thin film of QDs was deposited on this structure by spin coating CdSe/Zns (core/shell,
EM=580nm) QDs suspended in chloroform. 5ul of colloidal QDs in toluene were
resuspended in 20 pl of chloroform for this purpose.

This sample was then mounted on a microscope for imaging. The spin-coated QD
film was excited using an external UVLED source. A UV filter was used to eliminate
stray and reflected UV light from the sample. Images were obtained using various
magnifications and exposure times. Figure 5.7 shows QD emission images obtained at
various magnifications for the area of the grating structure. We could observe the
enhanced emission from the region of the grating structure when compared with the
surrounding plain metal surface.

The increase in emission intensity was calculated using MATLAB image
processing software. QD emission images were taken for the grating structure at 10X,
20X and 40X magnifications with exposure times of 40s, 50s and 60s each. For each
image, the area of the grating structure was selected and average intensity over that area
was calculated. For each image, this value was then compared with the maximum
intensity from a similar sized area in the same image. A percentage increase in intensity
was calculated from this data. An average of the percentage increase from each image
was then calculated. Figure 5.8 shows a sample of the photoluminescence images taken

to show the increased radiation from the grating structure.
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Figure 5.8 Photoluminescence images of grating structure (a) 10X magnification 60s
exposure (b) 20X magnification 60s exposure (c) 40X magnification 60s
exposure
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In Figure 5.8 we can clearly see a higher intensity of emission from the QDs in
the area of the grating structure. From the photoluminescence experiments, using QD
excitation with a UVLED source, we found an average of 32.63% increase in intensity
from the grating structure as compared to the emission from QDs deposited on the plain

metal surface.

5.3.5 Wavelength Selectivity

From the theory and simulation results, we expected the plasmonic grating
structure to show sharp characteristic bangap selectivity. Our design was optimized to
have the highest suppression of transmission waves at 580nm. Figure 5.9 shows
transmission spectra for incident light from two such designed plasmonic grating
structures. From the figure we can see that the bangap can be tailored for specific

wavelengths by changing the unit cell dimension p.
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Figure 5.9: Light transmission spectra from plasmonic grating structures
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The data in figure 5.9 was obtained by using a wideband light source in
combination with a spectrometer. The light was made incident on to the grating structure
and the transmitted intensity was measured. From this, we show that dimensions of the
grating structure define spectral properties of the device.

To measure the spectral characteristics of our fabricated device, to verify highest
transmission at our desired wavelength of 580nm we tested its spectral selectivity as
follows. After the fabrication of the plasmonic grating pattern as previously described, we
prepared a solution of QDs of various emission wavelengths in chloroform. This mixture
of the combination of QDs was spin coated on top of the fabricated device to form a thin
film. After this, the sample was mounted on a fluorescence microscope and the QD layer
was excited using a UVLED source. Filters corresponding to the individual QD
wavelengths in the film were used to obtain images of intensity from the individual
components of the various wavelength sources (QDs of various emission wavelengths)
present on the grating structure. Images were obtained at various magnifications (10X,
20X and 40X) and different exposure times (60s, 50s and 40s). For each image, intensity
of the particular wavelength component at the grating structure area was calculated.
Similarly, in each image, another area of highest intensity apart from the area of the
grating structure was identified. The intensities of these areas (highest intensity apart
from the grating structure) were normalized. These were used as weights while
normalizing the intensities of emission from the grating structure. The remaining
procedure for each individual emission wavelength was identical to the procedure
followed for the photoluminescence imaging. After calculating the increased emission
from the grating structure for each individual wavelength, the data was normalized using
the weighting parameters previously calculated. Table 5.1 shows the wavelengths of the

QDs used; the individual intensity differences obtained and normalized intensities for the
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wavelengths used. Figure 5.10 shows the increase in light emission at various

wavelengths, due to the grating structure.

o Normalized
Wavelength (nm) Intens(ltx{f;: rease Intensity
400 7094.342 0.160318
450 20942.53 0.47326
520 21046.76 0.475616
550 27782.96 0.627841
580 44251.61 1
660 16486.91 0.372572
700 4304.177 0.097266
400 7094.342 0.160318

Table 5.1: Increased intensity from grating structure for various individual emission
wavelengths
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Figure 5.10: Wavelength selectivity of plasmonic grating structure

5.4 INTEGRATION OF PLASMONIC GRATINGS WITH QDLEDSs

After the fabrication and testing of the plasmonic grating structures using
photoluminescence properties of quantum dots, the next step was the integration of these
structures with our QDLEDs to obtain an increased intensity from the QDLEDs. To
achieve this result, certain changes had to be made in the QDLED device design to

accommodate the integration of a working plasmonic grating device.

5.4.1 Design Changes in QDLED

Since the design of the plasmonic grating structure requires a metal-dielectric
metal structure, we added layers of ITO and Al on top of the existing Al cathode to from
a MDM structure with each layer of 50nm thickness. The design of the QDLED structure

with the added layers is shown in figure 5.11.
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Figure 5.11: Schematic of changes in QDLED structure for plasmonic grating
integration (a) Schematic of cross-section of complete QDLED structure (b) Energy band

diagram of QDLED

5.4.2 Fabrication of Integrated Device

The first change in the fabrication of the QDLED was the increase in cathode
from 30nm to 50nm which was made during sputtering of the Al cathode. Following this,
a hard mask was created to create areas on the cathode for electrical contacts. The
remaining areas of the cathode were covered by sputtered films of ITO of 50nm thickness
followed by another Al layer of 50nm thickness. The fabrication procedure for the
remaining layers of the QDLED was identical to the fabrication procedure described in

chapter 4. In short, ITO was sputtered on the glass substrate using the RF sputtering at the
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rate of 30A/s. A hard mask was used to pattern the ITO electrodes. The sputtered ITO
was annealed at 400C for 60 minutes in the presence of O,. Atomic Layer deposition
(ALD) was used to grow a 5nm thick Al,Os layer on top of the ITO. This was done at the
rate of 0.92A/cycle at 250C. For the HTL, 20nm thick nickel oxide layer was spin coated
at 1500 rpm for 60s. Nickel acetate tetrahydrate was dissolved in methanol at 0.5M
concentration and used to spin coat the NiO layer. The sample was annealed for 60
minutes at 120C to form a film with uniform texture.

QDs (Emission Wavelengths: 580nm) were suspended in chloroform and spin
coated on top of the NiO layer to form a 30nm thick layer. Spin coating was done at 3500
rpm for 60 seconds. The sample was then baked at 90C for 10 minutes to remove the
solvent.

Following this, the solution-processed ZnO layer was deposited. 2% weight
solution of ZnO nanoparticles (size: 10nm) was prepared in n-Butanol. The solution was
sonicated for 10 minutes and then spin coated on top of the QD layer at 2000rpm for 60
seconds to form a 50nm thick film. The sample was then baked at 90C for 10 minutes to
remove the solvent. Aluminum cathodes were patterned using a hard mask and 50nm
thick Al was sputtered at the rate of 3A/s.

After the AI-ITO-Al layer fabrication, the plasmonic grating structure was
patterned on the QDLED by following the method described in the previous section,

using focused ion beam milling technique.

5.4.3 Electroluminescence Experiments

Figure 5.12 shows the experimental setup for the electroluminescence

experiments. The QDLED with the integrated plasmonic pattern was mounted on an
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optical microscope (Olympus BX-51) with an attached RGB CCD camera. Voltage was
applied across the QDLED identical to the procedure followed during the

electroluminescence experiments described in the previous chapter.
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Figure 5.12:  Schematic of experimental setup for electroluminescence testing of

plasmonic grating structure.

Testing of electroluminescence of the QDLED was first done before the
patterning of the plasmonic grating structure. Images were obtained at 60s exposure time
and 10X magnification. The intensity from these images was used as the control for
calculation of change in intensity upon the integration of the plasmonic pattern. After the
fabrication of the plasmonic grating structure, images were obtained under identical
conditions of voltage applied (8V), exposure time (60s) and magnification (10X). These

electroluminescence results are shown in figure 5.13.
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Figure 5.13:  Electroluminescence results from patterned grating structure (a)
Brightfield image of QDLED before patterning. (b) Electroluminescence image of
QDLED before patterning of grating structure (c) Brightfield image of QDLED showing
patterned integrated grating structures (highlighted) (d) Electroluminescence image of

QDLED showing increased intensity of electroluminescence from areas of patterned

grating structure (highlighted).
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From Figure 5.13 we can see a significant increase in the electroluminescence
intensity after integration of the plasmonic grating structure as compared to the
electroluminescence intensity from the same area of the QDLED prior to the plasmonic
patterning.

The percentage increase in intensity was calculated by using MATLAB. Intensity
from the same area of the QDLED was measured before and after the patterning of the
plasmonic grating structure and the difference in intensity was calculated. We found an

increase in intensity of 34.72% due to the patterning of the grating structure.

5.5 SUMMARY

In this chapter we discussed two strategies to enhance the intensity of emissions
obtained from our QDLEDs. The first strategy of surface roughening presents an easy,
quick way of increasing the emission intensity. However this strategy could not be finely
tuned or controlled. The second strategy involved integration of a plasmonic grating
pattern with our QDLED to suppress SP waves resulting in higher emissions in the
direction perpendicular to the metal electrode. We discussed the fabrication procedure
and changes in the QDLED device structure. We presented results from experiments
performed and calculated an average increase of 34.72% in the intensity of
electroluminescence and an increase of 32.63% in the photoluminescence intensity from
QDs. In the next chapter we will discuss the application our devices as light sources for

cellular imaging.
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CHAPTER 6: IMAGING OF BIOLOGICAL SAMPLES

6.1 INTRODUCTION

In this chapter we demonstrate the capability of our multicolor QDLEDs
fabricated on a single substrate, to the be used as a light source in lab-on chip type
imaging systems for imaging of biological samples. For this purpose, we show results
from imaging of stained cells with our fabricated devices as the light source.

We use the different types of devices fabricated, including QDLEDs with the
basic design discussed in chapter 3, QDLEDs with the modified design discussed in
chapter 4 and QDLEDs with integrated plasmonic grating structures to image cells. We
quantify the imaging capabilities of these different designs to show the improvement in
imaging quality achieved from modifications in the device structure.

We show the capability of our LEDs to image cells and detect morphological
characteristics of cells. In order to show the excitation capability of our device, we
integrated our planar QDLEDs with a cancer cell line. Excitation from QDLEDs with two
different emission wavelengths allowed us to determine nucleus-to-cytoplasm ratio, one

of the key characteristic properties of cancer cells.

6.2 IMAGING OF CANCER CELLS

Figure 6.1 shows a schematic of the setup used for imaging cells using
electroluminescence from QDLEDs. Multicolor (EM 580nm and 600nm) fabricated on a
single substrate were placed under a microscope and a stained cancer cell sample is
placed over the QDLEDs and is observed using the microscope. We imaged MDA MB-

231 breast cancer cells stained with HEMA-3 dye in our experiments.
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Figure 6.1: Schematic of experimental setup for imaging of cells using QDLEDs.

6.2.1 Experimental Conditions

We used breast cancer cells as the imaging samples. MDA-MB 231 cell line was
derived from a female patient with breast cancer [80] at the MD Anderson Cancer Center,
and has been shown to be highly metastatic in mice [81,82]. This cell line has been used
in a large number of breast cancer studies [83]. Breast cancer is the most common cause
of cancer death in women. It has been shown that early detection can lead to increased
survival rates and early screening enables studying the dependence of survival rates on

stage of diagnosis. We used the MDA-MB 231 as the primary cell line to observe
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absorption at two different wavelengths (580nm and 600nm) when stained with HEMA 3
dye. The MDA-MB 231 cells were maintained in a cell culture medium and cleaned
coverslips were placed in the petri dish for cell culture. These cells were then stained with
HEMS 3 dye to stain the nucleus and cytoplasm. A brightfield image is shown in figure
6.2

Figure 6.2: Brightfield image of cultured and stained MDA 231 cells [41]

We chose HEMA 3 dye to stain our sample cells. HEMA 3 stain is a modified
quick Wright-Giemsa staining method [84]. The staining process takes 30 seconds and
the samples are air dried. Typically, cell samples on glass slides are first dipped into
methanol which is the fixative for 5 seconds. After that, the sample is dipped into a
mixture of sodium azide, potassium phosphate monobasic, podium phosphate dibasic,
eosin Y and water for 5 seconds. This stains the cytoplasm and collagen part of the cell.
Following this, the sample is dipped into a combination of azure A, sodium azide,
potassium phosphate monobasic, sodium phosphate dibasic, methylene blue and water for

5 seconds. This stains the nucleus of the cell [41].
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The absorption and transmission spectrum of the HEMA3 dye measured using

UVVIS system is shown in figure 6.3.
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Figure 6.3: Absorption (top) and Transmission (bottom) characteristics of HEMA 3 dye
[41].
From the figure 6.3, we can see that the absorption spectrum of the HEMA-3 dye

is from 540nm-620nm with a peak at 580nm.

For imaging of cells using electroluminescence of QDLEDs, we used cells

cultured on cover slips. Due to this the cells to be imaged could be kept very close to the
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QDLED source. The distance between the sample and the diode was maintained within
100um. We excited the sample cells at two wavelengths 580nm and 600nm. We
expected the nucleus to absorb the 580nm excitation indicating decrease in intensity at
the nucleus as compared to the 600nm source. Using multispectral data for imaging
single cells we can determine the nucleus to cytoplasm ratio which can be used to
determine the developmental stage of cancer cells. We performed imaging experiments to

show the efficacy of the various designs of our QDLEDs.

6.2.2 Imaging with Photoluminescence
As control experiments, we first performed imaging experiments by using the
photoluminescence from QDs. Figure 6.4 shows an image of the setup used for

photoluminescence of QDs used for cell imaging.

Figure 6.4: Setup for photoluminescence imaging of stained cells.

On a cleaned glass slide, films of QDs (EM=580nm and 600nm) were transferred

using micro-contact printing technique described in chapter 3. A UV light with the
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emission wavelength peak at 365 nm from a high-power LED (200mW) was focused and
introduced inside a glass slide. An evanescent field was induced on the glass slide surface
due to the total internal reflection of the transmitted UV light. The QD films were excited
using this field. Since the UV evanescent field on the glass slide decays quickly in the
near-field and does not transmit energy in the far-field, the UV light intensity observed
with the microscope was negligible compared to that of the excited QDs.

The coverslip with the stained cell samples was placed on top of the QD films.
This resulted in a very small distance (thickness of coverslip < 150um.) between the light
source (excited QDs) and the sample. Images were acquired using Olympus BX-51
microscope without the use of any filters.

Images were taken with both RGB CCD and monochromatic CCD at the two
wavelengths in the visible region. The nucleus-cytoplasm ratio was measured which is
one of the important factors in cancer cell identification and characterization. Cancer
cells tend to have larger nucleus/cytoplasm ratio than other cells. This criterion is often
applied in computer based cancer cell analysis such as the study of cellular response to
drugs.

Figure 6.5 shows images of HEMA 3 stained cells obtained by using UV
excitation of QD films as a light source (a) shows an image obtained with a 580nm QD
emission wavelength and (b) shows an image obtained with 600nm QD emission

wavelength. Images are at 10X magnification.

93



Figure 6.5: Excitation of same region using two sources (a) 580nm (b) 600nm

From Figure 6.5 we observed higher absorption of the 580nm source by the nuclei
of the stained cells. This was expected as the absorption characteristics of the HEMA 3

stain show a peak at 580nm

6.2.3 Imaging with Electroluminescence

After successfully imaging cancer cells using photoluminescence from quantum
dots, the next experiment was to use electroluminescence from QDLEDs to image stained

cancer cells. The fabricated QDLED structure was mounted under the microscope and
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voltage was applied across the device. The coverslip with stained cells was placed over
the working region of the QDLED. The focus of the microscope was adjusted to observe
the stained rather than the QD emission. In this case there was a greater distance between
the light source and the stained cell sample. This was because we observed
electroluminescence of the QDLEDs through the 20nm NiO layer, the 250nm ITO layer
and the glass substrate (1 mm thickness). The stained cells on the coverslip (150 pm) are
placed on top of this glass substrate. Due to this added distance between the light source
and the sample, when the microscope is focused on the coverslip, we could not observe
any specific patterns or defects in our QDLED sources due to the limited depth of focus
at higher magnification. This also limited the magnification which could be used to image
the cells since the intensity of light reaching the cells was not enough to obtain images at
a very high magnification.

We used all the different types of QDLEDs fabricated, namely, QDLEDs with
basic sputtered design, QDLEDs with modified spin coated design and QDLEDs with
integrated plasmonic grating structure to obtain images of cells. Figure 6.6 shows cell
images obtained with QDLEDs fabricated using the modified spin coated device structure
with emission wavelengths of 580nm and 600nm. Images are obtained using both RGB
and monochromatic CCDs. The transmission intensity across cells was measured using
both the emission wavelengths. Intensity of transmission was measured using Imagel
image processing software. As expected, according to the transmission characteristics of
the HEMA 3 stain we found maximum absorption of the 580nm light by the nucleus and

lower absorption of the 600nm light source.
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Figure 6.6: Imaging of cells with electroluminescence from modified QDLED structure
(a) Images with RGB CCD (580nm top and 600nm bottom) (b) Images with

monochromatic CCD (c) Intensity profile across the same cell with 580 and
600nm light sources.
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The shape of the nucleus is clearly shown in the image with 580nm illumination.
The profile with 600nm is unclear and boundary lines are hidden in the noise level. On
the other hand, excitation with QD600 is suitable for observation of the inside of the
nucleus. The two types of QD light sources can be therefore used for imaging different
cellular structures. RGB images were taken with 300s exposure time at 10X
magnification and the monochromatic images were taken at 900s exposure time at 10X

magnification for each image.

6.3 COMPARISONS OF IMAGING RESULTS

We used the capability of our devices in the imaging of cells as a parameter to
define the efficacy of our devices. For testing this, we imaged the HEMA 3 stained cells
using devices fabricated using each of our structure designs described in the previous
chapters. The ratio between the absorption of the excitation light by the nucleus and that
by the cytoplasm for a particular wavelength (eg. 580nm) is defined by the signal to noise
ratio, which depends on the intensity of the light source.

Following this, comparisons between two light sources can be made by
comparing the data obtained from cell imaging, using the two devices as excitation light
sources for the cell imaging. A higher intensity difference is obtained between the
cytoplasm and nucleus in a case where a higher intensity of light is obtained from the
QDLED. This directly affects analysis as the sizes of the nucleus and cytoplasm become
easier to measure, resulting in easier identification of cancer cells based on nucleus and
cell morphology. Figure 6.7 shows images of cells taken with the basic QDLED design
and the modified QDLED design. Comparison of the intensity profiles of cell images

obtained with both types of QDLEDs is shown.
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From figure 6.7 we saw that a higher contrast was achieved between the
transmission intensities of the nucleus and cytoplasm of a single cell, with the use
QDLEDs fabricated using the modified structure. As we have already shown in chapter 4,
a higher intensity was achieved using the modified QDLED design and hence the results
achieved from the cell imaging were consistent with expected results. In figure 6.7 we
show results obtained by using QDLEDs with emission wavelength of 580nm.

From the imaging results shown so far, one constraint that our QDLEDs face as
light sources for cell imaging is low intensity. Due to this we were unable to acquire
images of greater magnification with good signal to noise ratio. All images acquired with
these QDLEDs were at a maximum magnification of 10X and a long exposure time of
300 seconds was used. To acquire high quality images at higher magnifications, an
increase in light source intensity is required.

As shown in chapter 5, we improved the intensity of light extracted from the
modified design of our QDLEDs by integrating a plasmonic grating structure with the
metal cathode of our device. We used the increased electroluminescence intensity from
our device with the integrated plasmonic grating structure to image the same cells stained
with HEMA 3 dye. The results from this imaging are shown in figure 6.8. The increased
intensity also allowed for imaging at a higher magnification of 20X with 300s exposure
time, using the RGB CCD. We also show a better contrast between the cytoplasm and
nucleus which indicates a better signal to noise ratio and thus an increased efficiency of
the applicability of our devices as light sources for cell imaging. Figure 6.8 (a) shows the
intensity profile of a cell images at 10X magnification and 300s exposure time and (b)

shows the intensity profile of a cell images at 20X magnification and 300s exposure time.
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Figure 6.8: Intensity profiles of a cell imaged with electroluminescence from QDLED
with plasmonic structure (a) Cell imaged at 10X magnification and 300s
exposure time (b) Cell imaged at 10X magnification and 300s exposure
time. Insets show images with RGB CCD at specified magnifications
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Another advantage with imaging at a higher magnification is that we can image
cell structures that cannot be distinguished at a lower magnification and intensity. Figure
6.9 shows examples of cells imaged both at 10X and 20X magnifications where a greater

detail can be observed from the 20X images
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Figure 6.9: Electroluminescence Images of cells using QDLED with integrated
plasmonic structure at 580nm, and 300s exposure time (a) 10X
magnification, (b) 20X magnification

101



6.4 SUMMARY

In this chapter we discussed the applicability of our fabricated QDLED devices as
light sources for imaging of stained cell samples. We showed preliminary results to
demonstrate the use of our devices as single emission wavelength devices and showed the
advantages that the modified structure device designs offer to the use of our devices in
our target application. We discussed parameters which were used to quantify the
improvements in the applicability of our devices and compared the imaging results
obtained by imaging the same cells using our different device designs. We showed that
the multiple emission wavelengths can be advantageous in the imaging of stained cells.
Finally we show the advantages of fabricating multicolor light sources on a single

substrate.
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CHAPTER 7: CONCLUSIONS AND FUTURE WORK

7.1 CONCLUSIONS

In this thesis we have discussed the fabrication of colloidal quantum dot based
light emitting diodes for applications in cellular imaging. We demonstrated the capability
of fabricating multicolor quantum dot based patterned devices on a single substrate.
Fabrication of compact, planar, patterned and individually addressable devices on a
single substrate can be easily integrated with lab-on chip imaging systems and micro total
analysis systems.

We first created QDLEDs with inorganic charge transport layers on a glass
substrate. For the fabrication of these devices we used the basic design discussed in some
seminal papers on this topic. The design was modified to suit our multicolor patterning
requirement by using micro-contact printing to deposit the emissive QD layer on the
substrate. These devices were fabricated using sputtering of charge transport layer below
and over the emissive QD layers. Electroluminescence was achieved from this basic
QDLED device and various operating parameters were analyzed to devise changes in the
design to improve the performance of the inorganic based QDLEDs.

Upon analysis of the performance characteristics achieved from the basic QDLED
design, we found two main areas of possible improvements. One was the working
lifetime of the device that could be achieved and the second was the maximum intensity
output obtained from the QDLEDs. Our approach to improving these performance
characteristics was to make changes in the materials used and fabrication techniques

applied to target specific drawbacks of the initial device.
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We initially focused on improving the lifetime of the device. We demonstrated a
technique of fabricating completely solution processed charge transport layers. We used a
spin coated NiO hole transporting layer below the QD layer and a solution processed
ZnO nanoparticles electron transporting layer overlying the emissive QD layer. The ZnO
layer with low energy levels facilitated the transport of electrons while suppressing the
hole leakage current from the HTL to the ETL. ZnO nanoparticles showed low quenching
of excitons formed in the QD layer as compared to the quenching observed when using
other metal oxides formed using sputter or thermal annealing.

Solution processing of the charge transport layers allowed for simpler fabrication
process and more robust film as compared to films formed by sputtering. The robust spin-
coated NiO layer in addition to an aluminum oxide insulating layer between the anode
and the HTL improved the stability of the structure increasing the lifetime of the
QDLEDs. We showed electroluminescence from these devices and an improvement in
the stability of the devices due to the use of a more robust charge transport layers and the
use of an aluminum oxide layer as an insulating layer. We showed a continuous working
lifetime of more than 12h and a shelf life of more than 240 days upon testing of
unencapsulated devices stored and tested at room condition. The average lifetime for
devices with sputtered charge transport layers is shown to be less than 10h of continuous
emission and a shelf life of less than 5 days was observed for both structures with
sputtered metal oxide layers as well as structures with organic charge transport layers.
We thus achieved a more than threefold increase in the total lifetime of the QDLEDs,
increasing its applicability for long term use as light sources integrated with lab-on-chip
systems.

Our next goal was on increasing the extraction of light intensity from our

QDLEDs. Although modifications in device design applied for improvement to device
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lifetime resulted in a marginal improvement in device intensity, we applied the technique
of electrode surface patterning to achieve additional improvements in emission intensity
from device. From the analysis of the original device design, we observed that a part of
the emission from our QDLED structure was lost in the form of surface Plasmon waves
travelling along the surface of the plain metal electrode which lies in the direction
perpendicular to our direction of observation. We designed a plasmonic grating structure
to achieve resonant suppression of transmission waves along the metal surface causing
reflection of the surface plasmons resulting in higher observed intensity in the direction
of observation. The pitch period of the designed grating structure defined the wavelength
bandgap for which resonant suppression occurred.

We designed the structure with parameters compatible with the emission
wavelength of interest to us (580nm) and performed simulations to study the expected
increase in emission intensity. From the simulation results, we expected ~40% increase in
emission intensity in the direction of observation.

We integrated this pattern with our fabricated QDLEDs and performed
experiments with both photoluminescence and electroluminescence. In summary, we
have experimentally demonstrated that the integration of plasmonic grating patterns with
QDLEDs can increase the intensity of emissions obtained from the QDLED by scattering
the surface plasmons coupled with the metal electrode of the QDLED. We found an
increase of 34.72% in the intensity of electroluminescence and an increase of 32.63% in
the photoluminescence intensity from QDs.

To show the potential application of our device as a light source for imaging of
biological samples, we imaged HEMA3 stained breast cancer cells. We performed
imaging of these cells using electroluminescence from QDLEDs with both 580nm and

600nm emission wavelengths. Images were acquired using both device designs and
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QDLEDs with integrated plasmonic grating structures. We showed the feasibility of
using QDLEDs as light sources in lab-on-chip imaging systems and from comparisons of
various device structures proved the value added to the QDLEDs as light sources for our

target application by the modifications introduced in the QDLED structure.

7.2 FUTURE WORK

The results in this dissertation provide insights to several key directions in which
this research can move forward. One area of further research includes further
improvements in the device design. These can include the use of a combination of
organic and inorganic charge transport layers with additional layers for hole and electron
suppression to avoid charge carrier leakage, thus improving the device performance.
Other improvements can be the use of flexible substrates to increase the applicability of
the devices. Integration of plasmonic structures can also be further researched to achieve
directional beaming and further improvements in device intensities. Many methods of
patterning of QDs are also currently being researched which can be implemented in our
device structure to achieve better uniformity of emission.

Another application of our QDLEDs that can be explored is hyperspectral
microscopy. Gold nanoparticles with specific spectral signatures can be used for labeling
of cells. QDLEDs with specific emission wavelengths can be used as the source.
Absorption of each wavelength can be measured to plot spectrum observed from samples
to identify the existence of nanoparticles labeled biological samples. Thus a chip-based

hyperspectral imaging system can be investigated.
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