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ABSTRACT
In this project, a study on the mist-deposited quantum dot films for novel inorganic
display applications is carried out. For long, organic fluorescent dyes have been playing a vital
role in different biological applications and also for electronic applications by building light
emitting diodes. But over the past couple of decades, Quantum Dots (QDs) - semiconductor
nanoparticles suspended in a colloidal solution, have attracted widespread attention and are
believed to be the possible substitutes for the organic dyes.

Cadmium selenide (CdSe) QDs are the most studied nanoparticles due to their direct
bandgap and size-tunable wavelength properties spanning over the entire visible spectrum. These
quantum dots are dispersed in toluene, an organic solvent. Conventionally, these quantum dots
are deposited on the glass substrates by spin-coating or electro-phoretic deposition (similar to
electroplating). But these methods do not provide a way to pattern these quantum dot films,
because, the etch chemistries of QDs have not been fully developed yet. In this study, a technique
of mist deposition is used to deposit the quantum dots on the masked glass and flexible substrates.
Films thus obtained are characterized by means of their surface morphology (using AFM, SEM),
and the QD-LEDs fabricated are investigated. Devices have been built and demonstrated using
this deposition technique and the results prove possible applications in Nanophotonics and
Optoelectronics. The results obtained indicate that a patterned relatively uniform layer of QDs is
deposited, with some aggregations. This aggregation formation needs to be eliminated by
optimizing and controlling the various deposition parameters.
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Chapter 1

INTRODUCTION

Display technology simplifies the information sharing and plays an important role of
conveying the information. Until the late 20th century, Cathode Ray Tube (CRT) technology has
dominated the display industry. However, new trends towards the need for mobile electronics
have increased demand for displays beyond CRTs in areas such as picture quality, size and power
consumption. Subsequently CRTs were replaced by Liquid Crystal Displays (LCDs) because of
their light weight, low power consumption and compact design. LCDs allowed devices such as
calculators, digital watches, cell phones, laptops and many small screened electronics to be
possible. With the inherent problems of passive matrix displays, such as crosstalk, active matrix
displays using Thin Film Transistors (TFT) to control the individual pixel captured the market.
LCD technology has been in market for almost 50 years and will continue into the near future.

A more recent trend in the display technology is Organic Light Emitting Diodes (OLEDs)
– offering brighter, better contrast displays, consuming less power and offering large viewing
angles. Because of the OLEDs’ thin structure and excellent display qualities, it is ideal for use in
flat-panel displays. Being emissive displays, they do not require backlighting, in contrast to the
LCDs. Another significant advantage is OLED displays have extremely high switching speeds
and can handle high refresh rates required for full-motion video. Plasma displays are noted for
their flat screen presentation and large screen sizes. They generate excellent image quality in
large scales, and consequently are the leading display technology when it comes to High
Definition Television (HDTV). Due to phosphorescence, every single pixel generates its own
light and as a result, in plasma displays, viewing angles are large and the image quality is superior.
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But, increased power consumption is a problem because ionizing the plasma requires a substantial
amount of power. Lastly, unless the prices of these displays are reduced, many other novel
technologies can replace plasma displays and might render them useless in the future.

Recently, thin film display devices, especially those using Quantum Dot (QD) based
LEDs have attracted a significant portion of the display technology market and emerge as a
promising candidate in optoelectronics and nanophotonics. QDs have been successfully
integrated into LEDs and QD-LEDs with organic charge transport layers (both electron and hole
transport layers, for recombination) have been proved to have external quantum efficiencies (QEs)
of 1.1% at video brightness [1]. Demand for higher quality displays will drive technology
evolution; this evolution will require new approaches and innovative ideas in information
presentation.

For the fabrication of QD-based LEDs, a uniform layer of 1-2 monolayer-thick QDs has
to be incorporated into the device structure, such that the holes and electrons recombine in this
layer. This project was undertaken in order to deposit very few monolayers of QDs in easilycontrollable manner by means of mist deposition technique. These patterned QD thin films
deposited on the glass and flexible substrates through this technique are compared against the
films deposited using spin-coating technique, in terms of their surface morphology and film
uniformity.

Different

characterization

methods

such

as

fluorescence

intensity,

electroluminescence and absorption measurements are used for the complete analysis of these
mist-deposited films.

In this thesis report, chapter 2 provides the necessary background for quantum dots, the
electronic and photonic properties of CdSe QDs and the conventional deposition techniques used
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for the same. The objective and scope is outlined in chapter 3. Chapter 4 presents the Mist
deposition setup and the experimental details. Chapter 5 analyzes the results and characterization
of these QD thin films as a function of different deposition variables (covered under chapter 4)
obtained using our deposition technique. Chapter 6 provides a consolidated summary of this
thesis.
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Chapter 2

BACKGROUND INFORMATION

New trends such as mobile electronics and hand-held devices are constantly evolving
because of innovative technologies that are being used in display devices. This chapter provides
the sufficient background of the evolution of display technologies – from Cathode Ray Tubes
(CRTs) to Quantum Dots based Light Emitting Diodes (QD-LEDs). Cadmium selenide (CdSe)
has been popular in the field of optoelectronics because of its direct energy bandgap. Recently,
CdSe nanocrystals (NCs) have attracted wide attention because of the unique optical properties.
Since this thesis emphasizes on the Cadmium selenide-based QD-LEDs, a brief physics of zerodimensional structures (quantum dots) is included, followed by detailed illustration of one of the
common synthesis methods of Cadmium selenide (CdSe) quantum dots (QDs). The electronic
and photonic properties of the material are discussed, and some of the common deposition
methods being employed are quoted.

2.1

Evolution of Display Technologies

2.1.1

Cathode Ray Tube
Since 1922, until the late 20th century, CRTs have dominated the display technology

market. Figure 2-1 is a schematic representation of the working of a CRT. The cathode ray tube
consists of a heated cathode at one end of a vacuum tube. Stream of electrons are emitted by the
hot cathode (also referred as ‘electron gun’) by thermionic emission into the vacuum. This stream
is attracted and focused by the focusing anode into a sharp beam and accelerated by an
accelerating anode. The other end of the tube consists of a phosphor-coated screen and when this
high-beam of electrons hits the screen, the screen glows [2].
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Figure 2-1: Schematic representation of a Cathode Ray Tube [2]

But CRTs are heavier and occupy more space; they cannot be used for novel portable
electronic devices like mobile phones, calculators and PDAs. They cannot be operated for more
than few hours continuously because longer hours of operation might lead to burning of
phosphors.

2.1.2

Liquid Crystal Display
Liquid Crystal Displays (LCDs) have successfully displaced CRTs because of their light

weight, low power consumption and compact design. Though LCDs were initially focused on
portable devices like digital watches, cell phones, laptops, etc, they occupied the CRT market by
expanding into areas such as computer monitors and television sets.

Liquid crystals are materials with an intermediate phase of matter that exhibit both solid
and liquid material properties. They can be classified into three groups depending on the order of
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their material structure – nematic, smectic and cholestric. The ‘nematic’ liquid crystals are
commonly used in the production of LCDs because of the wide temperature range of operation
and other physical properties [1]. These molecules are oriented on average along a particular
direction but can be manipulated in a predictable manner, by applying an electric or magnetic
field. Figure 2-2 shows a basic LCD-based device structure. The Liquid Crystal (LC) molecules
near the upper glass are twisted from the molecules near the lower glass, such that when no
voltage is applied, the molecules redirect light through the lower polarizer, producing the bright
spot on the screen (‘off’ state of a pixel). To turn the pixel ‘on’, a voltage is applied that untwists
the molecule, allowing the light to be absorbed producing the black spot on the screen.

Figure 2-2: Liquid Crystal Display device structure [1]

All LCDs require a back-light for their operation and are non-emissive devices. Based on
the light transmission modes, LCD technology can be categorized into three sections:


Reflective



Transmissive
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Transflective

The detailed illustration of each of the above modes can be found from other sources [3]
and is beyond the scope of this thesis. LCDs are mainly classified under two groups:


Passive matrix displays



Active matrix displays

2.1.2.1 Passive matrix displays
Passive matrix LCDs use electrical components that do not rely on their own energy to
turn desired pixels ‘on’ or ‘off’ [1]. They use multiplexed transparent electrodes (mostly Indium
tin oxide – ITO) as rows and columns, sandwiching the liquid crystal layer in between, and thus
each intersection between a row electrode and a column electrode constitutes a pixel. Thus,
depending on the input pattern to the row and column electrodes, each pixel can be addressed
individually (by connecting the respective row electrode to a positive voltage and the
corresponding column electrode to ground). Thus, when sufficient voltage is applied across the
respective pixel, the liquid crystal molecules align parallel to the electric field.

These passive LCDs can be manufactured using different kinds of liquid crystal
molecules:


Twisted Nematic (TN, 90 degree twist between molecules near top plate and molecules
near bottom plate)



Super Twisted Nematic (STN, 180-270 degree twist between molecules near top plate
and molecules near bottom plate)



Film compensated Super Twisted Nematic (Adds a retardation film to STN to
compensate the color added by the birefringence effect [4])

7

2.1.2.2 Active Matrix displays
Active matrix LCDs have similar device structures as passive displays. The important
difference is the presence of a thin-film transistor (TFT) built inside each pixel that controls the
voltage received. The TFT display consists of a common electrode which is placed above the
liquid crystal matrix. The row electrode(s) is connected to the gate of the transistor; the column
electrode is connected to the drain and the liquid crystal layer to the source. To turn a pixel ‘on’,
the gate voltage is supplied (through the respective row electrode), and sufficient voltage is
supplied to the column electrode (drain of TFT), so that charge flows through the LC to the
common electrode. Each TFT consists of a small capacitor connected in parallel at the source to
keep the voltage supplied until the next refresh cycle.

Active matrix LCDs (AMLCDs) solve the ‘cross-talk’ problem exhibited by the passive
LCDs, and make them suitable for large-screen display applications like laptop screens, TVs and
computer monitors. For faster refresh times, new materials are being explored to be used in TFTs.
LCDs are making steady progress and must come up with novel materials and power efficient
methods to compete against the latest evolving display technologies.

2.1.3

Organic Light Emitting Diodes
Organic Light Emitting Diodes (OLEDs) are composed of light-emitting organic

semiconductors which are placed between an n-type conducting plate and a p-type conducting
plate. When voltage is applied across these conducting plates, holes are injected into the organic
material by the p-type plate and electrons are injected by the n-type material. This results in the
recombination of holes and electrons in the organic material layer resulting in the release of
photons of energy of wavelength corresponding to the energy bandgap of the material. A typical
OLED device structure is shown in Figure 2-3.
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Figure 2-3: OLED device structure [5]

Depending on the type of organic material used, OLEDs can be grouped under one of
these categories:


SMOLEDs (Small Molecule OLEDs, containing multiple layers of organic material –
ideal for smaller display screens)



PLEDs (Polymer LEDs, using water-soluble polymers constructed from chains of
organic material – ideal for larger display screens)



Dendrimer OLEDs (using a hyper-branched polymer that has a central core, from
where many smaller polymer-chains branch – ideal for higher lifetime large screens
[2])

OLED-based displays can also be grouped as passive matrix and active matrix displays.
The discussion in section 2.1.2 holds true for these OLEDs except that in place of the LC, the
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organic semiconductors are sandwiched between the conducting electrodes. The details of these
structures are beyond the scope and focus of this thesis.

OLEDs are emissive displays and thus do not require any backlighting. They can handle
very high frequency switching speeds and refresh rates than LCDs. Though their low operating
voltage and high quality imaging make them better over LCDs, these organic materials are easily
degradable and thus affect the life-time of these light emitting devices.

2.1.4

Alternative Display Technologies
In the recent years, other display technologies are popular in the market such as Plasma-

based displays, Field emission devices, Digital Light Processing (DLP) based displays, electronic
ink-based displays etc. Extensive literature is available on the web on each of the above display
techniques [2, 6-9] and further discussion on these techniques is beyond the scope of this thesis.

2.2

Low-dimensional Semiconductor structures
In recent years, research in semiconductor physics and devices has drifted from three

dimensions (Bulk semiconductors) towards one- (Quantum wells) and zero- (Quantum dots)
dimensions. The commercial needs of electronics manufacturers to fabricate faster and energy
efficient devices, has provided the necessary impetus for researchers to push this technology
scaling from microelectronics towards nanoelectronics. The essence of nanotechnology is the
creation and utilization of materials and devices at the level of atoms and molecules, exploiting
their unique properties and phenomena of matter. To fully benefit from the advantages offered by
nanotechnology, it is vital to understand how to build, analyze and predict the properties of
nanoscopic entities.
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2.2.1

Quantum Dots – Definition
The term ‘nanoparticles’ refers to the semiconductor materials in the dimensions of 1-10

nm, and ‘nanocrystals’ represent a subset of these nanoparticles, which have crystalline structure,
containing a few hundred to thousands of atoms. ‘Quantum dots’ refer to the class of nanocrystals
whose particle sizes are smaller than the Bohr exciton radius of the atom and thus are subjected to
‘quantum confinement’ effect. Though the above terms are used interchangeably in different
contexts (including other aliases such as artificial atoms, quantum crystallites and nanodots), we
will use the above definitions to classify in this document. Since the primary focus of this thesis is
on Cadmium selenide (CdSe) quantum dots, in the following sections, we’ll discuss about a brief
history, physics and properties of CdSe QDs. Though there are many types of quantum dot pillar-like structures, etc, this thesis will focus on the colloidal version.

2.2.2

History of quantum dots
The term ‘quantum dot’ was used by physicists Daniel Chemla and David Miller in the

1980s to refer to a very small, roughly spherical, crystalline particle of semiconductor. It was in
1967, at Eastman Kodak Company in New York, Chester Berry first witnessed the unique
properties of quantum dots while investigating silver halide precipitates [10]. But, he did not
pursue his discovery and nobody noticed this unique behavior. After about 15 years, several
groups in the world observed this effect in Copper chloride crystals entombed in glass and in
colloidal preparations of Cadmium sulphide (while making colored glass). In the early 1980’s,
Louis Brus of Bell Laboratories and Alexander Efros and A.I. Ekimov of the Yoffe Institute in St.
Petersburg (then Leningrad) in the former Soviet Union observed the effect in Cadmium sulphide
particles while characterizing them for a photochemistry experiment.
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Dr. Brus and his collaborators experimented with Cadmium sulphide (CdS) nanocrystal
semiconductor materials and observed solutions of strikingly different colors made from the same
substance. This work contributed to the understanding of the quantum confinement effect that
explains the correlation between size and color for these nanocrystals [11]. Scientists realized that
the light-emitting powers of quantum dots could be put to good use in smart, luminescent
materials [10]. Before they could do this, however, they had to devise a reliable way of making
quantum dots of a particular size and therefore color. Once the synthetic methodology for
quantum dot manufacture was established [12], scientists could start to think seriously about
employing the dots in real applications.

2.2.3

From Bulk to Zero-dimensions

Nanocrystals (NCs) are distinguished from bulk due to their high surface to volume ratio causing
the structural and electronic changes that, in turn, induce other physical properties to become
different from that of the bulk. Some examples include the change in melting point and charging
energies of the NCs different from the bulk. This section presents a brief physics of these
materials as a function of their confinement dimensions. However, a detailed explanation of the
same involves a strong quantum mechanics background, which can be found from
“Semiconductor materials: An introduction to basic principles” by B. G. Yacobi [13].

In any bulk 3-D semiconductor, the energy states of an electron are continuous and the Density of
States (DOS) in such a system is a parabolic function of energy given by [13]:

g n (E ) = 4π (2me* / h 2 )

3/ 2

where me* is the effective mass of an electron.
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(E − Ec )1/ 2

(2.1)

Figure 2-4: Bulk 3-D semiconductors – DOS [13]

Figure 2-4 gives a graphical representation of the above equation. The excitons in a bulk
semiconductor are thermally distributed at a finite temperature T and hence, the
photoluminescence (PL) band has a moderate width that is approximately proportional to the
DOS

n3 D ∝ E − E 0

(2.2)

and the Boltzmann distribution:

⎛ E − E0 ⎞
⎟
f (E , T ) = exp⎜⎜ −
k B T ⎟⎠
⎝

(2.3)

where E0 is the exciton energy and kB is the Boltzmann constant [14]. The DOS is a measure of
B

the number of energy states of an electron within a fixed energy range [15]. The DOS of the bulk
semiconductor increases as the square root of the energy above the bottom of the band.

The effect of quantization can be determined by examining its effect on density of
electron energy states. With the reduction of the system dimensions, a 2D system can be
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constructed by squeezing one of the dimensions of 3D such that it is no thicker than the electron’s
wavelength. Such a 2D structure is called Quantum Well (QW) with one-dimensional
confinement traps electrons and the DOS of electron energies become quantized. Figure 2-5 (a)
illustrates this behavior of DOS in a QW. It should be noted that along the other two dimensions
of QW, the energy states remain the same as that of bulk 3D semiconductor. In QWs, the charge
carriers are confined only within the well thickness, and the electron energy levels can be found
from the solution of the Schrodinger equation, which is of the form [13]:

En =

h 2π 2 2
n
2me* L2

(2.4)

where η = h/2π, n = 1, 2, 3…and so on, that defines the order of these energy states (n=1:ground
state). The DOS of a 2D system is given by:

n2 D ∝ ∑ Θ(E − E n )

(2.5)

n

where the step function is defined by [14]:

⎧1( x ≥ 0)
Θ( x ) = ⎨
⎩0( x < 0)

(2.6)

Thus, the DOS of 2D system is made up of accumulated step functions (also called as ‘staircase’
function).

(a)

(b)

(c)

Figure 2-5: Density of States (DOS) of (a) Quantum Well (b) Quantum Wire (c) Quantum Dot [13]

14

Confinement in one additional dimension of a QW leads to Quantum Wire structure, a 2D confinement as shown in Figure 2-5 (b). The DOS of this 1-D system can be derived to be:

n1D ∝

∑

En < E

1
E − En

(2.7)

As shown in Figure 2-5 (b), the DOS diverges at En, which is a characteristic feature of 1-D
systems [14]. Thus the quantum wire devices are expected to be excellent candidates for optoelectronic device applications because of their high quantum efficiency.

Confinement along all three dimensions of a 3D bulk materials results in zerodimensional systems and these are called as ‘Quantum dots’ (QD). Also referred to as 0-D
electron gas systems, the DOS reflects like the δ-function given by:

n0 D ∝

∑ δ (E − E )

En < E

n

(2.8)

The energy levels of the electrons En are quantized and separated from each other at intervals
given by:

h 2π 2
En =
2m

⎡⎛ n ⎞ 2 ⎛ n ⎞ 2 ⎛ n ⎞ 2 ⎤
⎢⎜⎜ x ⎟⎟ + ⎜ y ⎟ + ⎜⎜ z ⎟⎟ ⎥
⎢⎝ Lx ⎠ ⎜⎝ L y ⎟⎠ ⎝ Lz ⎠ ⎥
⎣
⎦

(2.9)

Creation of a 0-D system or quantum dot is analogous to custom designing of an atom.
The QD contain electrons similar to the atoms, the only difference being – the electrons are held
in an atom by attractive forces (with the nucleus), whereas, they are held together by physical
barriers in a QD system. Thus the confined energy states of these electrons are referred to as
‘quantum confinement effect’. Table 2-1 shows the overall classification of the quantum-effect
devices:
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Table 2-1: Classification of quantum-effect structures/devices [15]

It has been observed that many physical properties such as melting point [16], phase
transformation behaviors [17] and non-linear optical properties [18] of semiconductor materials
change in the nanometer regime. The difference in these properties from the bulk has been found
at both equilibrium and non-equilibrium states including thermodynamics and kinetics [19, 20].
Reducing the particle dimensions leads to increase in surface to volume ratio, and when this size
becomes lesser than the Bohr radius of the first excited state, quantum size effect occurs due to
the confinement of charge carriers [21].

Thus, the electronic structure of materials in nano-regime may be completely different
from that of the corresponding bulk material. This has led to the development of novel device
structures such as single electron transistors (SET), tunnel junctions, etc. which do not have bulk
counterparts. Interestingly, some semiconductors like silicon, which are not optoelectronic
materials (because of indirect bandgap) exhibit visible range wavelength emission which is sizedependent at the nanoscale geometries [22].

However, extensive research has been pursued on II-IV and III-V semiconductor
nanoparticles over the past couple of decades due to the change in band gap with particle size
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[23-26]. Though many materials have been analyzed, Cadmium selenide (CdSe) nanoparticles
have attracted wide attention due to the size-tunable wavelength properties that span the entire
visible spectrum (from Violet end to Red end of spectrum). This is the material of interest in this
thesis and the following sections include one of the prime synthesis methods of CdSe QDs,
followed by its properties and deposition techniques.

2.3

Cadmium selenide Quantum Dots
Cadmium selenide (CdSe) is one the II-VI direct bandgap compound semiconductor

materials, which finds use in a wide range of optoelectronic applications such as photo
conductors [27], photo-chemical cells [28], thin film transistors [29] and large screen displays
[30]. These colloidal quantum dots (QDs), also known as semiconductor nanocrystals (NCs) have
attracted wide attention in the recent years [31, 32]. CdSe NCs are of great interest because they
can also be used in biological diagnosis as fluorescent tags for the bio-tips [33].

2.3.1

Electronic and photonic properties of CdSe NCs
Nanoparticles of size smaller than the Bohr radius of the semiconductor material

demonstrate unique optical and electronic properties because of 3D quantum confinement effect.
Larger confinement leads to the band gap broadening, which is inversely proportional to the
particle dimensions [42]. The bandgap of bulk CdSe at 300K is 1.74 eV and its Bohr exciton
diameter is 10.6 nm. Thus, CdSe NCs of size < 11 nm show excellent quantum confinement
effects with distinguishing optical properties.

Three dimensional confinement effects disrupt the continuous density of states (DOS) of
the bulk into discrete quantized states [36]. Figure 2-6 shows the energy band gap of CdSe as a
function of its particle size. When the NC size is shrank by gradually removing atoms from its
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surface, their orbital contributions to both valence and conduction bands are taken away too. Thus,
each band ceases to be continuous and the individual orbitals are revealed. The removal of orbital
from band edges leads to an increase in their band gap. Removal of further atoms enhances the
quantization effect, contributing to the steadily increasing bandgap. Decreasing the NC diameter
shifts the first excited state to a larger k (wave vector), and increases the separation between the
states.

Figure 2-6: Energy band gap in (a) Bulk CdSe (b) CdSe NCs [10]

When the NCs are irradiated with a UV source, the electrons are excited from the valence
band to the conduction bond. Though the bandgaps differ considerably between a 2.3 nm and a
5.5 nm NC, they can be excited using the same light source. When the electron falls from the
bottom of the conduction band to the top of the valence band, since the bandgap of larger 5.5 nm
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dot is larger, it emits a less energetic photon than the smaller dot corresponding to the wavelength
of orange. Thus, it can be seen that the size of CdSe NC can be tuned to choose the emission
wavelength of the complete visible spectrum. Table 2-2 shows the different diameter sizes of
CdSe NCs and their respective emission wavelength (adapted from Evident Nanotechnologies).

Table 2-2: Size dependent properties of CdSe NCs [43]

The semiconductor NC has large number of atoms, but its size is almost of the same
order as that of the characteristic dimensions describing the electrons and holes’ behavior. This
places them in the intermediate region between the molecules and bulk crystals [31].
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Synthesis of monodisperse CdSe NCs has made the proper monitoring of the size
evolution of a series of discrete energy states possible. Figure 2-7 shows the absorption spectra of
colloidal CdSe NCs (suspended in organic solvent, hexane) as a function of the particle size.

Figure 2-7: Optical absorption spectra of CdSe NCs in hexane [40]

The efficiency of the emission of NCs is expressed in terms of fluorescence quantum
yield (Q.Y.). It is defined as the ratio of the number of photons absorbed to the number of
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photons that are emitted. At the inorganic semiconductor surface, reconstructions in atomic
positions occur resulting in the formation of certain energy states in the forbidden energy gap of
the bulk semiconductor. These energy levels act as trap states and degrade the electrical and
optical properties. These surface atoms can be bonded to another material by means of chemical
treatment. This can be achieved by capping the NCs with organic ligands (most commonly,
TOPO), passivating the surface after their synthesis [44]. It has been reported that a
trioctylphosphine oxide (TOPO) cap on CdSe NCs when substituted with hexadecylamine (HDA)
increased Q.Y. from 10% to 40-50% [45]. This is because of better surface capping density
offered by HDA over TOPO. The photoluminescence (PL) properties of CdSe NCs have also
been characterized in the recent years due to the influence of thiol and amine ligands, and have
obtained Q.Y. as high as 75% [46].

Extensive research has been going on the synthesis of monodisperse CdSe since its first
publication in 1993 by Murray et al. [40]. This can be classified into two groups namely:
1. Aiming towards better particle shape and size control
2. Simplification of experimentation protocol
A better size control resulting in a low size distribution of the order of 5% was achieved by
Talapin et al. [45] by adding HDA to TOPO belongs to the first category. The choice of better
precursors such as Cadmium oxide, Cadmium nitrate, instead of dimethylcadmium or
diethylcadmium was proposed by Peng et al. contributing towards the second category [47].

2.3.2

Synthesis of Cadmium selenide QDs
Many chemical techniques have been reported in the literature that are capable of

synthesizing NCs with narrow size distribution [34, 35]. Thus, NCs samples must be
monodisperse in terms of size, shape, internal structure and surface chemistry [36]. The
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preparation of monodisperse NCs is essential to study the novel distinguishing properties of
nanoscale structures from those associated with bulk materials or polydisperse structures. Though
the term monodisperse strictly refers to identical or indistinguishable nanocrystals, samples with
standard deviations σ < 5% are considered so [36]. This corresponds to ± one lattice constant
within the 1-15 nm size diameter. Here, one of the well-established synthesis techniques by
Bawendi, et al., which can be used for preparing different sized nanocrystals is explained in detail.
This process involves a temporal discrete nucleation event, followed by a controlled growth of
crystals on the existing nuclei.

2.3.2.1 Nucleation
Figure 2-8 is the apparatus used for the synthesis. The reagents are rapidly added to the
reaction vessel such that the precursor concentration exceeds the nucleation threshold.

Figure 2-8: Synthesis apparatus setup [36]

The nucleation burst is short and it partially relieves the supersaturation state. As long as
the rate precursors are consumed by the growing colloidal NCs is not exceeded by the rate of
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addition of precursors, no new nuclei are formed [37]. The initial time distribution is determined
by the time over which the nuclei are formed and begin to grow. If the NC nucleation phase
growth percentage is smaller than the subsequent growth, the NCs become more uniform over
time [38]. This is referred as focusing of the size distribution.

During the growth of compound semiconductor NCs like CdSe, the supersaturation and
the subsequent nucleation can be triggered by rapid injection of metal-organic precursors into the
vigorously stirred flask (for homogenization) containing a hot coordinating solvent (~ 150 – 350’
C) [36]. For CdSe synthesis, the solvents are mixtures of alkylphosphines R3P, alkylphosphine
oxides R3PO, alkylamines, etc. (R – butyl or octyl) [40]. As Cd (group-II) sources, methyl alkyls
such as dimethylcadmium, diethylcadmium are used and for Se (group-VI) sources,
organophosphine chalcogenides (R3PSe) or bistrimethylsilyl chalcogenides are selected [36]. The
latter has been chosen mostly as Se precursor because of its high reactivity and easy availability.

2.3.2.2 Ostwald Ripening
Figure 2-9 shows the graphical representation of different stages of the NC growth
process during the synthesis. The second growth phase is called Ostwald Ripening [39].

Figure 2-9: Different growth steps during NC synthesis [36]

23

In this phase, material is re-deposited on the larger NCs and the high surface energy of
the small NCs promotes their dissolution [36]. Ostwald ripening is a spontaneous process
occurring because the smaller crystals are energetically less favored than the larger NCs. The
formation of small crystals is favored by ‘kinetics’ and that of larger ones is through
‘thermodynamics’. It can be understood that the smaller NCs have larger surface to volume ratio
and the molecules on the surface are energetically less stable than the interior ones [41]. Thus, the
larger crystals represent a lower energy state. The exploitation of Ostwald ripening can help in the
preparation of a size series of NCs [37].

2.3.3

Core-shell structures
NCs consisting of an inorganic capping layer with a higher bandgap has been a topic of

interest since the synthesis protocol of the NCs were well-developed. These so-called ‘Core-shell
nanocrystals’ were synthesized and found to improve the Q.Y. significantly [48]. The main
purpose of outer shell is to avoid carrier penetration towards the surface of NCs. Some of the
well-known core-shell (CS) structures with CdSe have been CdSe/ZnS [49] and CdSe/CdS.

Figure 2-10: CdSe/ZnS core shell structure [53]
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For such structures to be formed, the following are some of the basic constraints which have
to be obeyed:
1. The NC seeds (Core) should withstand the conditions under which this second phase
(Shell) is deposited
2. These two phases should have similar surface energies, so that the barrier for
homogeneous nucleation of the second phase is higher than that for heterogeneous
nucleation
3. There should not be any inter-diffusion between the two phases (core and shell)
under the deposition conditions

The seed NCs are synthesized and size-selected, followed by redispersion in a fresh
solution of solvent and stabilizers. The solution is then heated, with gradual addition of inorganic
shell precursors to allow the material to heterogeneously nucleate on the seed NCs. The rate of
this precursor addition is controlled such that the concentration never reaches the homogeneous
nucleation threshold of the second material, but gets deposited on the NCs.

CdSe NCs overcoated with ZnS have been widely studied and the reports by GuyotSionnest et al. have shown dramatic improvements in luminescence efficiency and Q.Y. [49].
Reports have been presented on simple CdSe/ZnS core shell structures, showing the Q.Y. of NCs
as a function of ZnS layer thickness [50]. This has been shown in Figure 2-11.

Bawendi’s group published a whole size series of CdSe/ZnS NCs and their in depth
characterization [52]. ZnS has been a good candidate to avoid the carrier penetration towards NCs
with its high bandgap (3.7 eV), but the lattice mismatch with CdSe requires two monolayers of
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ZnS for the maximum Q.Y. Thus, a strained layer is formed between CdSe and the inorganic
phase ZnS.

Figure 2-11: Absorption and quantum yield measurements as a function of shell monolayers [50]

This problem has been overcome by the addition of a ‘lattice adapter’ layer to
accommodate this lattice mismatch. It has been found that a thin layer of ZnSe before the ZnS
phase yields high luminescence efficiency and Q.Y. (shown in Figure 2-11). The synthetic
procedure for CdSe/ZnSe/ZnS core shell shell particles has been given by Reiss et al. [51].
Generally, these CdSe/ZnS cores are prevented from getting oxidized upon exposure to the
environment by the surface passivation using trioctylphosphine (TOPO) molecules. This surface
passivation has an effect on the QDs electronic excitation and structure, reported by Maenosono
et al. [55], but is beyond the scope of this thesis.
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2.4

Thin film deposition methods using liquid precursors
Physical Liquid Deposition (PLD) methods use liquid precursors to transfer the material

in the liquid phase to the substrate, resulting in the formation of thin films. A number of PLD
techniques have been in practice and the choice depends more on the application requirements. In
this section, we review some of the common deposition methods which are currently being used
in practice to form CdSe thin films.

2.4.1

Spin Coating
Spin coating has been the conventional technique that has been used for several decades

for forming thin films. The process involves delivering the liquid source containing the material
to be deposited onto the center of the substrate followed by spinning the substrate at high speed
(~2000 rpm). The principle behind spin coating involves the balance between the centripetal force
controlled by the spin speed and the viscous force of the solution. There are different factors such
as rotation speed, surface tension of the liquid, viscosity and drying rate of the solvent that
determine the film thickness and uniformity. One of the important factors that need special
attention is the repeatability of the quality of thin films. Even subtle variations in spin process
variables could result in drastic variations in the coated film.

Figure 2-12: Spin coating process steps [80]
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Spin speed affects the degree of radial force applied to the liquid as well as the velocity
and characteristic turbulence of the air immediately above it [77]. One of the important factors
that limit the use of this technique is the shape and size of the substrate. When the diameter of the
substrate is larger, uniform films cannot be formed throughout the wafer, because of high nonuniform centripetal forces involved at different points of the substrate. Figure 2-13 shows the film
thickness characteristics of photoresist material spin-coated as a function of spin speed and time.

(a)

(b)

Figure 2-13: Photoresist film thickness as a function of (a) Spin speed (b) Spin time [77]

Spin coating has been used to deposit few monolayer of CdSe QD thin films by CoeSullivan et al. [78], towards the manufacture of QD-LEDs. Though this is the common technique
used to form such films, this technique has its own inherent problems. Because of the lack of
proper etch chemistries for quantum dot thin films, patterning of these films is not possible after
spin-coating. Also, this technique cannot be used for larger and odd-shaped substrates and
flexible substrates for obvious reasons.

2.4.2

Electrophoretic deposition
Cadmium selenide QDs have been deposited on ITO coated glass substrates for LEDs

and other display applications. While most of the films of nanoparticles are deposited using spin-
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coating or dry casting, these films are not uniform and do not offer better control over the film
quality. These techniques depend on particle-particle and particle-substrate interactions when the
nanoparticles solution is left to dry on the substrate. Since most of the colloidal QDs are dispersed
in toluene, hexane or organic solvents, the solvents are extremely volatile and this rapid dewetting
of these solvents undermines the long range order and film quality [54].

The principle of electrophoretic deposition lies in a DC electric field used to attract
thermally charged NCs present in the solution to rapidly form micron-thick films on both
electrodes. A pair of ITO coated glass substrates act as electrodes and they are placed at a
distance of ~2 mm apart, submerged in a beaker containing the CdSe NCs dispersed in hexane.
DC voltages up to 1000V were applied across the electrodes at room temperature in the dark,
with subsequent solvent addition to counter the solvent evaporated due to high temperature.

It has been reported that green CdSe QDs, 3.2 nm diameter have been deposited on ITOcoated glass substrates using electrophoretic deposition [54]. With 530V across the electrodes and
2.65 X 1014 dots/cc. as the solution concentration, the current density between the electrodes
dropped from 7.3 nA/cm2 to 2.9 nA/cm2 in 30 minutes (shown in Figure 2-14) forming a uniform
0.52 µm thick film. It has been observed that no film is formed on the electrodes under zero
voltage.

The decrease in current has been attributed to the loss of nanocrystals present in the
solution. The thermal charging of these nanocrystals has been given by Shim et al. [56]. The
deposition of NCs on the electrodes in the formation of films is extremely sensitive to the
condition of the solution than to the current density between the electrodes. Though the NCs are
charged in the solution, once they stick to the electrode, they become neutral and it is assumed
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that it is balanced by the charge flowing in the external circuitry [54]. This deposition method
could be used be used to other NCs too, with the proper choice of electrolyte, the electrodes and
the voltage applied between them [56].

Figure 2-14: Current density between ITO electrodes as a function of time [54]

2.4.3

Inkjet printing
Inkjet printing has been demonstrated in many areas of materials, such as fabrication of

polymer LED devices, modification of sheet resistivity of conducting polymers, etc. Recently,
this technique has been used for the fabrication of CdSe-based QD LEDs for the deposition of
CdSe layer [61]. The basic principle of inkjet printing is the deposition of liquid precursor
droplets on the surface by means of electromechanically induced pressure waves. A volumetric
change is created by the voltage applied to a piezoelectric crystal that controls the fluid directed
towards the orifice to form a droplet. Inkjet printing can be used for low frequency pattern
depositions (upto 20 KHz) [80].
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The following are some of the issues to be addressed before inkjet printing is used for the
designed applications:
1. Controlled performance characteristics to produce the droplet, defining the size
2. The fluid interacts with the surface creating the pattern in the desired manner [63]
3. The film should be able to withstand the process conditions and heat treatments they
are subjected to.

Figure 2-15: Inkjet printing [62]

Figure 2-15 shows the schematic of a typical inkjet printing system. Drops as small as 10100 µm have been produced when the voltage pulses are applied to the transducer. It has been
observed that the droplet diameter reproduces the size of the orifice diameter and thus determines
the resolution of the pattern being formed.

The substrate on which the inkjet printing is used plays a critical role in controlling the
resolution of these films. Thus, printing on less-friendly surfaces requires consideration of
important issues in achieving the desired film pattern and size. CdSe/ZnS QDs have been
deposited using this technique producing QD-LEDs recently [61]. The main advantage of inkjet
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printing is that, apart from being a simple and faster process, this eliminates the need for
expensive masks, since the patterns are stored digitally. This technique can be used in large
displays and roll-to-roll processing. Also, since the material is deposited only on the areas where
the film needs to be formed (for example, in the formation of pixel arrays), this method reduces
material wastage and lowers environmental costs.

2.4.4

Electrospray
‘Electrospray’ is a deposition technique that uses electrical forces to spray the charged

liquid droplets onto the surface. The deposition efficiency is higher by directing the charged
droplets by electrical forces compared to uncharged droplets [65]. Electrospray can be potentially
used for potentially different nanoelectronic devices manufacturing, since the droplet size can be
as small as few tens of nanometers. These droplets can be highly charged upto the Rayleigh limit
[64], overcoming the surface tension force that leads to the drop fission. This charge is given by
the equation:

QR = 2π (16σ l ε 0 r 3 )

1/ 2

where σl is the surface tension of the liquid,

0

(2.10)

is the free space electrical permittivity and r is the

radius of the droplet.

Figure 2-16 is a typical electrospray setup used for the formation of solid thin films. The
liquid flow rate and the voltage applied to the nozzle can be adjusted to regulate the charge and
size of the spray droplets. It is assumed that these charged droplets are self-dispersing in space,
due to mutual Coulomb repulsion, preventing droplet agglomeration. The guard electrode helps to
obtain uniform electric field in the interelectrode space, given by Jaworek et al. [67]. With the
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guard plate, the electrospray is more stable, the spray plume angle is narrower and the system
operates in wider voltage ranges [68].

Figure 2-16: Electrospray deposition [66]

One of the important characteristics of the spray system is the mode of spraying. There are
two groups of spray systems:
1. The spray droplets are produced by ejecting a fragment of liquid from the capillary
nozzle. These fragments can be large droplets, fine droplets or elongated spindles at
the moment of their detachment [66].
2. The liquid is flown as a fine jet, and because of inherent instability interacting with
the air resistance, it disintegrates into droplets.
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When the solution containing the material to be deposited is sprayed, the layer is not
sufficiently homogeneous and uniform throughout the wafer surface. Thus, the quality of film
deposited using electrospray depends on the size of the droplets, their monodispersity and
uniform distribution on the surface [66]. In order to reduce the voids and cracks in the film, the
spray droplets must contain smaller particles with narrow size distribution. Semiconductor CdSe
thin films have been deposited using electrospray deposition techniques [69]. The layer formation
is a complex process and numerous explanations can be obtained in the literature [66]. The
morphology of the thin film deposited depends on the substrate temperature, solvent used for
spraying and the voltages applied. Electrospray is very sensitive to the liquid physical properties
and the chemistry involved limits their use in state-of-art nanofabrication methodologies.

2.4.5

Other deposition techniques
Apart from the ones included above, there are a number of other deposition techniques

which include dip coating [70, 71], spray pyrolysis [72], micro-contact printing [73], etc. A
number of electrochemical methods for the formation of thin films of compound semiconductors
such as electrodeposition [57], codeposition [58, 59], precipitation [60] and electrochemical
atomic layer epitaxy (EC-ALE) have attracted wide-spread attention for the deposition of CdSe
quantum dot thin films.

2.4.6

Limitations of existing deposition techniques
Though each of the above-discussed deposition methods has its own advantages, it is

worth mentioning about the inherent limitations too. Due to the poor electronic transport
properties of (Zn,Cd)Se quantum dots, very thin films of quantum dots must be used to improve
the efficiency of devices [76]. Spin coating and dip coating do not offer easy control over the
thickness of the film formed. It has been reported that when quantum dots are mixed with a hole
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transport layer and deposited using spin-coating and phase segregation, complete single
monolayer (Zn,Cd)Se quantum dot films have been produced [75]. Electrospray offers better
control over the film thickness, but the size of droplet (5 µm – 10 µm) does not favor sub-micro
geometries. However, apart from inkjet printing, none of the techniques discussed can be used to
form uniform patterned QD films, which are important for the pixilated display applications.
Though EC-ALE has been proved to form few monolayer thick films for different materials by
Stickney et al. [74], the deposition process involves complex chemistries and low throughput.
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Chapter 3

OBJECTIVES AND SCOPE

In the recent years, interest in semiconductor nanocrystals has gained global attention
because of their excellent optical and electronic properties. A brief physics, synthesis, deposition
techniques and properties of the material of our interest – Cadmium selenide NCs have been
included in chapter 2. Due to their applications in different areas from memory through biological
tracking agents, these QDs are being investigated extensively to be used in novel nanostructures
and upcoming nanodevices. Many of these applications require a very few monolayer of QD thin
films to be deposited on different substrates. With a clear understanding of the physics involved,
several optimizations and improvements, the synthesis of uniform, monodisperse QDs are well
established, stabilizing the same with appropriate organic and inorganic capping ligands for
surface passivation. The lack of proper etch chemistries has been hindering the employing of
these QDs built inside nanostructures, inspite of their known advantages.

Applications such as pixilated displays require patterned red, green and blue (RGB)
quantum dot films to be formed on the ITO coated glass substrates right next to each other.
However, till the time of writing of this thesis, no proper technique has been well-established
targeting such applications. As mentioned under the ‘limitations’ section at the end of chapter 2,
it has been difficult to control the thickness of the QD film to be uniform over large area
substrates, by these conventional techniques. ‘Mist deposition’ – the technique used for patterned
QD film deposition in this study has been used for depositing thin films of different materials
such as organic semiconductors, photoresist, high-k dielectrics, silicon nanoparticles, etc. Mist
deposition has been demonstrated to grow uniform films as thin as ~3nm by controlling the
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various deposition variables explained in the following chapter. Because of the inherent nature of
the process, this technique could be used to form patterned QD films even on odd-shaped, nonrigid substrates which would be vital for flexible electronics and large display panels.

This thesis provides the sufficient background about the physics and properties of CdSe
QDs and explores the possibility of using mist deposition for producing ‘Patterned QD thin films’
on glass and flexible substrates for optoelectronic applications and display devices. Chapter 4
includes a detailed description of the mist deposition setup and the deposition mechanism
involved. The study is based on the characterization of these patterned films using Fluorescence
microscopy, Electroluminescence measurements, Atomic Force Microscopy (AFM) and Scanning
Electron Microscopy (SEM) measurements discussed in chapter 5.
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Chapter 4

EXPERIMENTAL DETAILS

4.1

Mist Deposition
Mist deposition is a physical liquid deposition (PLD) technique used to deposit different

kinds of materials including ferroelectrics, high-k dielectrics, organic semiconductors, photoresist
and quantum dots. The basic principle of this technique is to create a fine mist of droplets from
the liquid precursor which is deposited uniformly over the entire substrate in a controlled manner.
Though this is analogous to spray coating, mist deposition droplet size is very small and is unique
the way these charged droplets are accelerated towards the substrate. The schematic
representation of the mist deposition setup is shown in Figure 4-1.

Figure 4-1: Mist deposition setup [80]
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One of the major advantages of mist deposition is that the substrate can be of any odd
shape and size, but still ensuring uniform deposition throughout the surface. This plays an
important role in making flexible electronics and roll-to-roll processing. The liquid precursor
used is a colloidal solution of the material to be deposited (in our case – Cadmium selenide QDs)
dispersed in a solvent (toluene). It is carried into the atomizer by ultra-pure nitrogen gas by
siphoning, and is converted into charged droplets (mist) which is carried into the deposition
chamber. Thus the mist carries the material suspended in the solvent to the wafer surface. This
process is driven by a uniform electric field applied between the field screen (grounded) and the
substrate holder (positive potential). This can be varied between 0-10 kV/cm. The substrate
holder is rotated by a motor at a constant speed of 10 RPM. This assists in the formation of a
uniform film. The deposition chamber is connected to a vacuum exhaust, which is used to
evacuate the remaining material. After the deposition, the substrate is thermally cured and thus,
the solvent evaporates, leaving the material on the surface.

The mist droplets become charged by the principle of shearing friction, being separated
from the liquid. It is also believed that the positive charging of droplets is balanced by an equal
amount of negatively charged droplets, thus this equal distribution makes the mist neutral. The
desired size mist droplets have to be filtered and should be carried onto the substrate. This size
selection is accomplished with the help of two mass impactors present inside the atomizer by
inertial separation. Figure 4-2 shows the atomizer used in this study.

The mist entering the first chamber of atomizer is directed onto the first mass impactor
present in chamber 2 with high velocity. When these mist droplets pass through the very narrow
passage between the atomizer wall and the impactor, the heavy droplets whose inertia exceeds a
certain value cannot continue its journey and so fall into the bottom of the atomizer [80]. The

39

lighter droplets continue the journey by entering into chamber 3, which again collides with the
second mass impactor. Thus, only droplets that are of size 0.25 microns, enter the deposition
chamber through the shower head. The negatively charged droplets are accelerated towards the
substrate by the electric field and the positively charged droplets are attracted to the field screen
and are not deposited.

Figure 4-2: Atomizer [79]

The surface preparation of the substrate plays a vital role on the formation of films using
mist deposition. This determines whether the droplets coalesce onto the surface or spread out to
form a uniform film. The physical and chemical properties of the material to be deposited (QDs)
also determine the quality and uniformity of the film [80]. The solvent used for the precursor is
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selected such that it does not affect the chemical properties of the material used. It is important to
note that the solvent (toluene) should not evaporate before the mist reaches the substrate, so that
the material is deposited properly. After the deposition, it is also to be noted that when thermally
cured, the solvent should evaporate from the surface leaving the material to be formed, leaving no
traces i.e. without affecting the film quality and morphology.

The thickness of the film can be controlled using various parameters such as the
deposition time, liquid concentration, liquid flow rate and the strength of electric field. Time is
the easiest parameter that can be varied from few seconds to tens of minutes or more. Longer the
deposition time, the films grown would be thicker. Increasing the concentration of the precursor
would also result in a thicker film, but the surface has been observed to be rougher [79]. Higher
liquid flow rate would assist in faster deposition, but this produces the problem of growing the
film rough. Electric field is an important parameter to regulate directing the mist onto the
substrate. It has been observed that with no electric field but only under gravitational forces, the
charged droplets are so light that they are swept away in the exhaust flow. Hence, stronger the
electric field, the mist is accelerated more towards the substrate. Using these parameters, different
film thicknesses varying between 3 – 500 nm have been produced using mist deposition [81]. The
films show great promise in terms of reproducibility and quality.

In selected applications, mist deposition has a significant advantage over other
conventional deposition techniques like spin-coating, as it allows patterning of the film during
deposition. This is an important characteristic that is required for materializing the commercial
manufacture of inorganic LEDs or other display devices. Especially with the limited ability to
etch materials such as quantum dots, other deposition techniques lacking the ability to pattern is a
significant threat for mass production. Comparing with other techniques like spray pyrolysis
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(droplet size ~5 µm) and inkjet printing (droplet size ~10 µm), mist deposition (droplet size =
0.25 µm) is a potential candidate in manufacturing submicron feature-sized devices. The major
shortcoming of this technique is significant material loss (~50%) due to the unused positively
charged mist droplets that do not contribute to the film growth.

4.2

Precursor preparation – Colloidal solution
For this study, Cadmium selenide (CdSe) quantum dots (with ZnS shell around) are

suspended in on organic solvent, toluene and this is chosen as the precursor for the mist
deposition. As explained in chapter 2, the size of quantum dots determines the photoluminescence
wavelength. Thus, red, green and blue quantum dots are dispersed in 99.5% anhydrous toluene,
and the concentration of this precursor solution is measured in terms of their optical density (OD),
which is given by:
OD = -log10 (T) = -log10 (I/I0)

(4.1)

where ‘T’ is the transmittance, ‘I0’ is the intensity of incident light and ‘I’ is the intensity of the
transmitted light. It is well established that the brightness of a display screen is determined by the
photometric brightness of the constituent LEDs. The Luminous efficacy of human vision
specifies the average sensitivity of the human eye to light of different wavelengths [82]. Hence, to
maintain the balance in sensitivity, the following OD is maintained for the individual QDs: Red –
0.16; Green – 0.25; Blue – 0.8. This preparation method allows better control over solution
concentration, compared to weight percentage of quantum dots (mg/ml).

4.3. Substrate cleaning and surface preparation
In this study, the experiments included mist deposition on both glass and flexible
polyethylene terephthalate (PET) substrates. As we have mentioned earlier, the surface properties
determine the quality of the film, and hence these substrates need to be properly cleaned and
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require appropriate surface conditioning. The glass slides used in this study are conventional
micro-slides (bought from VWR International), cleaned by the standard RCA (also called SC1)
cleaning sequence (H2O2 : NH4OH : H2O :: 1 : 1 : 5, 80° C for 10 minutes), followed by which
they are cut into 1” x 1” pieces. For the fabrication of LEDs, Indium Tin oxide (ITO) coated glass
samples are chosen as substrates. A PEDOT:PSS layer is spin-coated on these substrates followed
by which a 5 mg/ml poly-TPD solution is spin-coated on the surface at 2000 RPM for 60 seconds.
It is then annealed at 150° C for 30 minutes. Similarly, the flexible substrates used are PET
polymer substrates, which are covered with a removable polythene coating. They are cut into 1” x
1” dimensions and are loaded inside the deposition chamber after peeling off the polythene layer.

4.4

Deposition procedure
For all the depositions, a 6” silicon wafer is placed on the rotating chuck of the deposition

chamber. The three pins of this rotor shown in Figure 4-1, are the positive electrodes, and it is
assumed that the electric field is uniform between the field screen and the supporting silicon
wafer. The glass and flexible substrates are placed on the supporting wafer, so that multiple
samples can be prepared at the same run. For patterned surfaces, a 100 µm thick polyamide mask
(KaptonTM) containing three openings, 1 mm wide (stripes) is placed on the substrates. The motor
is allowed to run that rotates the samples at 10 RPM to ensure uniformity of the film. The
chamber is closed, followed by connecting the nitrogen inlet and the precursor inlet with the
atomizer. For this study, the nitrogen pressure is maintained at 60 psi. The liquid flow rate is
maintained constant at 1 ml/min, which is adjusted using a needle valve. Among the different
deposition parameters we explained in the earlier section, deposition time is varied, and the films
are studied as a function of their respective deposition times. After deposition, these samples are
post-baked to 100° C for 2 minutes to escape the solvent from the surface.
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4.5

QD-LED device structure
The multilayer quantum dot LED device structure is shown in Figure 4-3. The ITO

coated glass/flexible (PET) substrate acts as the anode, on top of which a poly(3,4-ethylene
dioxythiophene) doped with poly(styrene-sulfonate) (PEDOT:PSS) layer is spin-coated. The
poly[N, N’-bis (4-butylphenyl)-N, N’-bis(phenyl)benzidine] (poly-TPD) spin-coated from
cholorobenzene on top of the above layer acts as the hole transport layer (HTL). The CdSe/ZnS
core shell structured quantum dots are deposited on top of this HTL and act as the emissive layer,
where the holes and electrons recombine. Hence, QDs of respective size are deposited that define
the emission wavelength, as explained in Chapter 2. The electron transport layer (ETL) is
comprised of Alq3 which is thermally evaporated over the quantum dot layer. Calcium has similar
work-function to that of Alq3 but, since it is very sensitive to ambient atmosphere, a protective
coating of Al is deposited on top of calcium, which together act as the cathode electrode.

Figure 4-3: QD-LED device structure

4.6

Characterization methods
The CdSe/ZnS QDs were obtained from Ocean Nanotech LLC, Arkansas. A variety of

characterization techniques have been employed to study the nature of the patterned thin films
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grown using mist deposition. These films are compared against the conventional spin-coated
samples to better understand the feasibility of mist deposition to be used in QD-LED fabrication.

4.6.1

Optical Microscope
The Nikon TE2000 Optical Microscope at Penn State Nanofab facility was used to study

the patterned QD films. Both the glass and flexible substrates are studied under different
magnification levels to better understand the surface morphology. But since the QD films were
very thin and the dots sized less than 6 nm, it was not impossible to study the film at higher
magnification under daylight and UV light was required to excite them.

4.6.2

Fluorescence Microscope
Olympus Flowview 300 basic confocal laser scanning microscope at the Cytometry

facility, Life Sciences building was used for fluorescence imaging. Different filter cubes
(corresponding to the emission and absorption wavelengths of quantum dots) were used based on
the QD size. For the excitation of the QDs, UV light of wavelength 380 nm was used to measure
the fluorescence intensity. The following table illustrates the emissive wavelength for the red,
green and blue dots. Thus the intensity profile across the entire sample provides information on
the distribution of dots using mist deposition.

Table 4-1: QDs – Wavelength specifications (Ocean nanotech, LLC)

Color

Emission Wavelength (nm)

Red

610

Green

530

Blue

480
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4.6.3

Electroluminescence (EL) and Absorption measurements
Electroluminescence measurements were studied using Ocean Optics UV-VIS

spectrometer on the red LEDs fabricated to measure their turn-on voltage, light intensity and the
EL spectra. Newport 1830-C power meter with an 818SL silicon photodetector was used to
determine the photometric brightness. The readings were carried out on both the spin-coated and
the mist-deposited (20 minute run, OD = 0.16) samples and they are compared against each other,
to study the quality of the film affecting the LED performance characteristics. Absorption
measurements on the spin-coated and mist-deposited samples are studied using Perkin Elmer –
UV/VIS/NIR spectrometer.

4.6.4

Atomic Force Microscopy (AFM)
Digital Instruments Dimension 3100 Atomic Force Microscope of Materials

Characterization Laboratory (MCL) was used to study the surface morphology of the film and its
uniformity. The scan size of the samples were kept standard – 2 µm x 2 µm. The red and green
QD mist-deposited films were compared against the spin-coated films. Also, the surface
roughness has been studied as a function of the deposition time – 10 minutes and 20 minutes.
Throughout this study, green films were deposited using precursor OD = 0.25 and red films using
OD = 0.16 (toluene as solvent in both cases).

4.6.5

Scanning Electron Microscopy (SEM)
The Scanning Electron Microscope (SEM), Hitachi S-3500N VP present at the Penn

State nanofab facility was used to image the patterned QD film on silicon substrates. For this
study, 10 minute and 20 minute green QD films (with solution OD = 0.25) were imaged under the
SEM. Since the substrate needs to be a conductive material, the films on glass and flexible
substrates could not be studied using SEM.
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Chapter 5

RESULTS AND DISCUSSION

5.1

Film Thickness
Mist deposition has been proved to produce films as thin as ~3nm [80]. Red CdSe QDs in

toluene solution is used as the liquid precursor for mist deposition. Patterned QD films were
deposited on glass and silicon substrates and the thickness measurements were attempted using a
profilometer. But, because of the negligible thickness of QD films, no useful data could be
obtained from the same.

Absorption characterization is the quickest and easiest way to determine the thickness of
the CdSe QD films. The QD films are formed on two glass substrates – one, using spin coating,
with OD = 7 precursor concentration and other, using mist deposition, using OD = 0.16 precursor
concentration. The absorption spectra showing both the film characteristics are shown in Figure
5-1.

Figure 5-1: Absorption spectrum – Mist deposition vs. Spin coating
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From the graph, it can be seen that the first absorption peak of the red QD film formed by
both deposition techniques is found at 610 nm, which corresponds to the emission wavelength.
From the absorbance and extinction co-efficient parameters of these QDs, the thickness of the
film can be calculated using the following equation:

A=ε*c*l

(5.1)

where, ‘A’ is the absorbance (obtained from the absorption spectra), ‘ε’ is the extinction coefficient corresponding to the CdSe QDs used (shown in Table 2-2), ‘c’ is the concentration and
‘l’ is the thickness.

It has been found that the QD film obtained using mist deposition (deposited for 20
minutes) is 25% thinner than the film obtained through spin coating. The average thickness of the
mist deposited film has been found to be ~9.874 nm, and since the diameter of the red QD used =
5.2 nm, this thickness corresponds to roughly 1-2 monolayer films. The spin-coated sample’s
thickness has been calculated to be ~13.157 nm, i.e., 2-3 monolayer of QDs. This clearly
indicates that mist deposition offers better control over the QD film thickness.

5.2

Film edge sharpness
One of the significant advantages of mist deposition is the ability to form patterned thin

films during deposition, without the lithography process. The patterned CdSe QD films are
deposited for different deposition times, by placing the KaptonTM mask on the glass substrates
before loading the samples into the deposition chamber.

48

5.2.1

Effect of deposition time
Patterned green QD films are deposited on the RCA cleaned glass substrates for different

deposition times – 5 minutes, 10 minutes and 20 minutes. Figure 5-2 shows the film edge
subjected to 380 nm UV excitation, observed through the fluorescence microscope.

(a)

(b)

(c)

Figure 5-2: (a) 5 min (b) 10 min (c) 20 min green QD film – 20x magnification

It can be seen that the 5 minute deposition produces an incomplete film, which can be
witnessed by the black spots that appear in Figure 5-2 (a). Also, since the fluorescence intensity is
very weak, we can conclude that not sufficient quantum dots contribute to the film. The 10
minute deposition produces a relatively uniform film and the film edge is fairly sharp. The
intensity is also better, which is because of double the number of QDs contributing to the
patterned film. Even longer deposition (20 minutes) does not produce a very sharp film, as can be
seen from Figure 5-2 (c). This is because of the mist droplets sneaking underneath the mask as the
thickness of the QD film increases. This is not desirable because this results in uncontrolled
patterning of the films.

Similar behavior is observed for the red quantum dot films. Figure 5-3 shows the lower
magnification image (4x, 10x) of the patterned red QD film deposited for 10 minutes.
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(a)

(b)

Figure 5-3: (a) 4x (b) 10x magnification – 10 minute red QD film

Since the film looks fairly uniform, the fluorescence intensity of the image in Figure 5-3
(a) is plotted using ImageJ. This is shown in Figure 5-4. It can be seen that the intensity is higher
near the film edges compared to the center of the film, which correlates to more QDs getting
aggregated near the edges. This can be because of the solvent (toluene) present in the mist droplet
getting evaporated before these QDs containing droplets settle at one of the troughs in their
neighborhood. Though this phenomenon is true for all the mist droplets contributing to the film,
those near the edges are blocked on one of its sides by the mask edge, resulting in the aggregation
of these QDs more near the edges.

Figure 5-4: Fluorescence intensity profile – 4X magnification: 10 minute red film
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5.2.2

SEM Analysis
For a higher magnified analysis of these QD film edges obtained using mist deposition,

they are deposited on RCA-cleaned silicon substrates and are studied using Scanning electron
microscopy (SEM). Figure 5-5 shows the 10 minute deposited - patterned red QD film edge.

Figure 5-5: SEM Image of 10 minute green QD film edge

It can be seen that the edges are not really sharp at the micrometer level, and the the mist
droplets containing the QDs sneak underneath the mask. This is expected, because the mechanical
masks are simply placed on the substrate and the mist droplets can penetrate underneath the mask
to some extent. Attaching the mask with the substrate using vacuum or similar techniques, could
eliminate this problem and thus producing precisely-controlled patterned QD thin films.

5.3

Surface Morphology
For the fabrication of QD-based LEDs, it is essential to form 1-2 monolayer thick QD

layer sandwiched between the electron transport layer (ETL) and the hole transport layer (HTL).
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Hence, the uniformity of the patterned QD films is of prime importance for the desired LED
device characteristics.

5.3.1

Optical Microscopy
Optical microscope was initially used to study the morphology of quantum dot thin films.

The films on the glass substrates were grown for different deposition times. It has been found that
only patterned films with deposition time of atleast 20 minutes were able to be seen under the
optical microscope. These patterned films (green QD stripes) were inspected at 5x, 10x and 20x
magnification levels and the sample images are shown in Figure 5-6. It can be seen that it is not
possible to have a clear view about the quantum dot films, but the edge between the masked area
and the film can be seen at lower magnification levels. Also, the film appeared to be
discontinuous and does not reveal about any qualitative or quantitative information about its
uniformity. The samples were also investigated under Normaski microscope, but no significant
interpretations could be made in better understanding of the film.

(a)

(b)

(c)

Figure 5-6: (a) 5X (b) 10X (c) 20X Magnification – 20 minute green QD film edge

5.3.2

Fluorescence Intensity
Fluorescence microscopy is also used to analyze the uniformity of the patterned QD films

at higher magnification levels. Though the red QD films deposited for 10 minutes on glass
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substrates looked uniform at lower magnifications (shown in Figure 5-3), a higher magnified
image (40x) shows the aggregations of QDs forming islands. These can be observed as bright
spots in Figure 5-7, shown on both red and green QD films.

(a)

(b)

Figure 5-7: (a) 10 minute red (b) 10 minute green QD film – 40x magnification

This behavior has been observed for longer deposition times (20 minutes) too, and these
aggregations are present throughout the patterned film as shown in Figure 5-8.

Figure 5-8: 40x magnification – 20 minute red QD film
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The green films were also deposited on the PES flexible substrates for 20 minutes.
Though the films could be seen clearly at all magnification levels, because of the change in
surface properties, the films have more agglomerations than found on the glass substrates (shown
in Figure 5-9). Also, since there are no cleaning mechanisms and surface conditioning involved
with the PES substrates used, analysis of these films are part of future work.

Figure 5-9: 20x Magnification – 20 minute film on PES substrates

Fluorescence intensity of red QD films deposited for 10 minutes and 20 minutes are
compared using ImageJ. It can be seen that under exposure time of 200 ms, the intensity values of
20 minute sample are double that of the 10 minute sample. This is expected because longer
deposition would mean more quantum dots contributing to the film.

Intensity profiles of the red and green film could not be compared because of the
different variable parameters between the two solutions having different concentrations: 0.16 OD
Red and 0.25 OD Green. Also, as can be seen from the earlier fluorescence images, the green
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films require an exposure time of 1500 milliseconds and the red films saturate for this long an
exposure time. Similarly, the 200 milliseconds exposure time for the red film is not sufficient
enough for the green samples to capture the fluorescence imaging.

5.3.3

Aggregation of QDs
The patterned films are also subjected to the SEM study, to locate the QD aggregations

found with the AFM study. The 20 minute green QD film showed peaks on the glass, silicon and
flexible substrate. Figure 5-10 shows a higher magnification of these QD agglomerations found in
the patterned films on the silicon substrate.

Figure 5-10: SEM Image of 20 minute green QD film showing aggregations

Higher magnification greater than 2.5kX was tried to image the individual
agglomerations found in the above image, but could not be focused properly to sense the same.
But, the SEM and the fluorescence measurements put together confirm the QD aggregations in
the mist-deposited samples for different deposition times.
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5.3.4

Surface roughness
AFM has been used to study the roughness and surface morphology of the films. For

devices with high quantum efficiency and yield, the quantum dot films have to be thin and
smooth, such that the recombination happens in this layer of the device structure, emitting the
characteristic wavelength. The fluorescence measurements and scanning electron microscopy
images depict that the films are not free from QD aggregations and they spread throughout the
film. Hence, smaller areas of the films are scanned to check for their uniformity.

The AFM image of the plain glass substrate prior to deposition is shown in Figure 5-11.
The scan area reveals almost perfect uniform surface with the RMS roughness of 0.267 nm.

Figure 5-11: AFM image of glass substrate after RCA cleaning

Since the 10 minute deposition resulted in a relatively sharp-edged film on glass
substrates, such red and green films are studied under AFM. The AFM images of these films are
shown in Figure 5-12. It can be seen that for the scan size of 2µm x 2µm, the films are fairly
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rough and have huge peaks greater than 70 nm. This confirms the agglomerations seen through
the fluorescence and SEM images. Comparing the red and green QD films, it can be seen that the
red QD films have more roughness values (RMS roughness = 5.213 nm) having peaks whose
base diameter is larger than the green films (RMS roughness = 3.791 nm). This can be attributed
to the size of the red quantum dots being larger, resulting in the formation of huge islands.
However, the reason for the formation of such peaks is not well understood.

(a)

(b)

Figure 5-12: (a) 10 minute red (b) 10 minute green QD film – AFM images

The green films obtained using mist deposition (OD = 0.25) are compared against the
spin-coated sample with green QDs (precursor OD = 7). The AFM image of the spin-coated
sample is shown in Figure 5-13. It is found that such huge peaks are absent in the spin-coated
samples, with smaller roughness (RMS roughness = 3.289 nm), questioning the uniformity of
film using mist deposition. However, the spin-coated samples do not allow for patterning, which
remains as a bottle-neck in the manufacture of flat panel displays.
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Figure 5-13: AFM Image of spin-coated green QD film

However, the discussion would not be complete without comparing the mist-deposited
film and the spin-coated film, using the same liquid precursor (i.e. same OD). Thus 0.16 OD of
red QD solution (same as that of mist deposition shown in Figure 5-12 (a)) was spin-coated on
the glass substrate and the AFM image of the sample is shown in Figure 5-14 (a). It can be seen
that the film is incomplete and does not provide any uniformity. This was verified when the
sample was placed under fluorescence microscope, with the QDs emitting the characteristic
wavelength (610 nm) at discrete positions (Figure 5-14 (b)).
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(a)

(b)
Figure 5-14: (a) AFM image (b) Fluorescence image of 0.16 OD spin-coated red film
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Recently, apart from the deposition time as the variable, vapor pressure was considered
as a prospective parameter for producing more uniform films. It is believed that the peaks
observed in the above AFM images are because of the immediate solvent evaporation once the
mist droplets reach the substrate. Hence, allowing more time for the droplets to reach an
equilibrium position could result in a more uniform film. To accomplish this, a small beaker
containing the solvent (toluene) is placed inside the mist deposition chamber. Red QDs (OD =
0.16) are deposited on the glass substrate for 20 minutes. The AFM study of the same is shown in
Figure 5-15 (RMS roughness = 3.614 nm).

Figure 5-15: AFM Image of 20 minute red QD film with Vapor pressure saturation

As can be seen from the above image, the film does not contain individual
distinguishable peaks which were present earlier. Also, longer deposition time yielded smaller
peaks than the one obtained for 10 minute deposition using the same solution. This suggests that
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vapor pressure is an important factor to consider and proper control of the same could be used to
produce much more uniform QD films. However, exploration of this deposition parameter is not
complete and is a part of the future work.

The flexible substrates with 20 minute deposited green QD films were studied under
AFM (Figure 5-16). It is found that the agglomerations (peaks) are more compared to the glass
substrates, resulting in a much rougher film (RMS roughness = 11.973 nm). This is expected
from the fluorescence images of these samples. For a uniform film on flexible substrates, proper
cleaning mechanisms and surface conditioning chemistries have to be established for PES
polymer substrates for further progress.

Figure 5-16: AFM Image of 20 minute green QD film – Flexible substrate
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5.4

Electroluminescence (EL) measurements
The QD-LED device structures shown in section 4.5 were fabricated on the glass

substrates. The effect of QD-layer deposited by means of conventional spin-coating technique,
using OD = 7 solution, is compared against the mist-deposited QD layer in the LED devices.

5.4.1

Emission spectrum
Figure 5-17 shows the electroluminescence (EL) spectrum of the spin-coated QD-layer

incorporated devices at four different bias voltages: 7V, 8V, 9V and 10V. It can be seen that the
luminescence intensity peak is at 610 nm, which is the emission wavelength of the red QDs used.
Also can be seen is the shoulder at 530 nm, with very weak intensity, which corresponds to the
emission wavelength of the ETL – Alq3.

Figure 5-17: EL Spectra – LED with spin-coated QD layer
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Figure 5-18 shows the EL spectra for the same set of voltages, studied on the
LED containing the QD-layer deposited using mist deposition. It can be seen that the
luminescence peak belongs to that of Alq3 and not that of the QD-layer. But instead, a weak
luminescence intensity is observed corresponding to the QD-layer emission wavelength (610 nm),
which means the electron-hole recombination happens more at the Alq3 – ETL, which is highly
undesirable. This could be because of the poor quality of the QD film containing peaks
(aggregations, seen in the AFM images) that arise from mist deposition.

Figure 5-18: EL Spectra – LED with Mist-deposited QD layer

5.4.2

Photometric brightness and Diode I-V characteristics
The LED device structures, as explained in section 4.5 were fabricated, with the QDs as

the emissive layer deposited using spin-coating, with the precursor concentration of OD = 7.
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Figure 5-19 shows the luminance and current density characteristics of the LED subjected to a
bias voltage sweep.
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Figure 5-19: Luminance and I-V characteristics – spin coated QD film

It can be seen that the turn-on voltage of these LEDs (with the pixel area of 7 mm2) was
around 17 V, and the maximum luminance of 720 Cd/m2 was achieved at 24 V bias voltage. The
luminous efficiency achieved has been observed to be 0.40 Cd/A. The maximum current density
reached was close to 700 mA/cm2 at a bias voltage of 26 V. Figure 5-20 shows the device
characteristics of the LED, where the red QD layer was deposited using mist deposition (with OD
= 0.16, deposition time = 20 minutes, electric field = 8 kV/cm).
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Figure 5-20: Luminance and I-V characteristics – Mist deposited sample

These devices turned on at 17 V, same as the spin-coated ones. The luminance efficiency
was found to be 0.83 Cd/A, which is twice that of the spin-coated sample. From the graph, it can
be seen that the luminance brightness exceeds 800 Cd/m2, at 27 V, and is steadily increasing, but
from the emission spectra in Figure 5-18, it can be seen that this corresponds to the recombination
at the ETL (Alq3). Hence, the brightness and the luminance efficiency observed for these mistdeposited samples cannot be attributed towards the quality of the mist-deposited QD film.

The current density achieved at 26 V was 115 mA/cm2, which is one-fourth of that
observed in the spin-coated samples, i.e., lesser carriers are injected into the device structure for
the recombination. This odd behavior could be because of the difference in the surface
morphology observed between the spin-coated and mist-deposited through AFM. The peaks
found in the mist-deposited samples could have ruined the LED device performance, because of
the non-uniform QD layer. Another reason for this behavior could be because of the increased
surface roughness of QD film deposited using the mist-deposition technique, against a layer
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deposited using spin-coating (from the AFM results). Longer deposition times (i.e., higher
concentration of QD solution) using mist deposition could be used to have more quantum dots
contribute to a more uniform film.

To overcome this problem, a hole-blocking layer (HBL) such as 3-(4-biphenyllyl)-4-p
henyl-5-tert-butylphenyl-1,2,4-triazole (TAZ) could be thermally evaporated on the QD deposited
films, prior to the Alq3 – ETL deposition [83]. This would prevent the holes entering the ETL
layer, and thereby forcing the recombination to happen at the QD layer. Tailoring the different
deposition parameters for achieving higher photometric brightness and luminance efficiency
would be a part of the future work.
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Chapter 6

SUMMARY AND CONCLUSIONS

This study explores the integration of the mist deposition technique to be used for the
fabrication of inorganic LED display devices. Excellent luminescent properties of colloidal QDs
spanning over the entire visible spectrum and high photoluminescence efficiencies suggest the
use of QD films in electroluminescent displays and pixilated full-color displays. The bottleneck
issue that objects the commercial use of such QD based devices is the lack of proper etchchemistries for these sensitive materials. This imposes the question of patterning these QD films
and the formation of red, green and blue films close to one another for the formation of each pixel.
Till now, no technique has been well established that overcomes this problem. Mist deposition
proves to be a potential candidate addressing this problem by means of masked deposition.
Different materials, including quantum dots have been suspended in organic solvents and they act
as precursors for the formation of very thin and smooth films through mist deposition.

Conventional deposition techniques such as spin-coating, electrophoretic deposition are
not compatible with large substrates, flexible electronics and odd-shaped substrates. Mist
deposition addresses all these problems and by fine-tuning the different deposition parameters
and the precursor concentration, uniform films can be formed which can be as thin as 3 nm. This
thesis summarizes the possibility of mist-deposited QD thin films for making QD-LEDs. It has
been seen that under an electric potential of 8 kV and a deposition of 10 minutes, thin films have
been formed on glass substrates that resemble the mask pattern. These films have been
characterized using Fluorescence microscopy, Electroluminescence measurements, AFM and
SEM. All these techniques agree that the film is not uniform on the long-range order and the dots
are getting agglomerated on the surface, resulting in the formation of islands. However, the AFM
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and Fluorescence measurements reveal that neglecting the scan area covered by huge peaks, the
film is fairly smooth and has roughly 1-2 monolayer of quantum dot films.

The results indicate that a relatively uniform film of quantum dots can be formed on the
surface with the electric-field assisted mist deposition. However, extension of this technique and
fine-tuning of different deposition variables require future work that can help in formation of
controlled 1-2 monolayer of uniform deposition of quantum dots and thereby facilitate the
fabrication of LEDs with the QDs layer deposited through mist deposition.
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