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ABSTRACT
Semiconductor nanocrystalline quantum dots (NQDs) have material properties
remarkably different compared to bulk semiconductors with the same material
composition. These NQDs have various novel applications in the electronic and photonic
industry, such as light emitting diodes (LEDs) and flat-panel displays. In these
applications, ultra-thin films of NQDs in the monolayer regime are needed to ensure
optimal current transport properties and device efficiency. There is ongoing search to find
a suitable method to deposit and pattern such ultra-thin films of quantum dots with few
monolayer thicknesses. Several competing approaches are available, each with its pros
and cons. This study explores mist deposition as the technique to fill this void.
In this study, ultra-thin films of quantum dots are deposited on diverse substrates
and are characterized to understand the mechanics of mist deposition. Various
applications of blanket deposited and patterned quantum dot films are studied. The results
discussed here include atomic force microscopy analysis of the films to study surface
morphology, fluorescence microscopy to study light emission and optical microscope
images to study patterning techniques. These results demonstrate the ability of mist
deposition to form 1-4 monolayers thick, uniform, defect-free patterned films with root
mean square (RMS) surface roughness less than 2 nm. LEDs fabricated using mist
deposition show a peak luminescence greater than 500 cd/m2 for matched red, yellow and
green devices using Alq3 as the electron transport layer, and over 9000 cd/m2 for red
devices using ZnO as the electron transport layer, respectively.
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In addition to the experimental approach to study the process and explore
potential applications, simulation and modeling are carried out to understand the various
aspects of mist deposition. A mathematical model is presented which discusses the
atomization process of the precursor solution, the physics involved during the deposition
process, and the mechanics of film formation. Results of film morphology simulation
using Monte Carlo techniques and process simulation using multi-physics approach are
discussed. Problems in pattern transfer due to electrostatic effects when using shadow
masks are presented in a separate chapter.
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Chapter 1
Introduction
The quest for miniaturization in the field of electronics and photonics is reaching
fundamental limits of material properties of bulk semiconductors. Reduction in
dimensions has led to observing quantum effects which, if not controlled properly, may
cause degradation in device characteristics. On the other hand, quantum effects may be
employed to improve device performance. Semiconductor nanocrystalline quantum dots
(NQDs) are offering a range of possibilities in this regard. Quantum confinement effect
leads to a remarkable variation in properties of quantum dots compared to the bulk
semiconductor properties of the same material. The current trend in research is the
harness the unique properties of semiconductor NQDs to develop novel device
applications.

Quantum dots are incorporated into the device structure either as a distinct thin
film layer or in the form of embedded structures in a matrix. Thin films of quantum dots
can be deposited using vapor phase techniques and from liquid precursor solutions.
Physical Liquid Deposition (PLD) is the easiest and most convenient form of deposition
because it involves no phase change and hence works at low temperatures, thus
maintaining the stability of the quantum dots. The most common example of PLD is spin
coating, which is perhaps the simplest and most commonly used deposition technique in
the electronics industry.
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A blanket deposition of thin films is not useful for any device. For proper device
operation, the thin film has to be patterned, given a suitable device structure in
combination with other layers, and should have an efficient current transport mechanism.
The most widely used patterning technique is lithography and chemical etch. However,
this technique may not be suitable for quantum dot thin films because the film layer is
usually susceptible to same solvents as the patterning layer, causing the entire thin film to
be washed off. Hence, non-lithographic techniques need to be developed, such as nanoimprint, self-assembly, shadow mask deposition and selective deposition.

In most applications, the thickness of the quantum dot films needs to be precisely
controlled and maintained uniform across the entire device. For large and non-circular
substrates used in display technology, spin coating does not offer the required thickness
and uniformity control. Effectively, there is no established PLD technique that could
address all these issues.

This study was undertaken to explore the feasibility of using mist deposition as
the technique to deposit precisely controlled thin films down to few monolayer
thicknesses. More specifically, its goal was to study the mechanics of mist deposition and
verify its usefulness in some niche applications. Mechanical masks are currently being
used to pattern devices for various applications, while selective self-patterning from a
blanket deposition is left for future work.
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This study was conducted in two parts: simulation and modeling to understand the
mechanism of film formation, and experimental work involving deposition of thin films
for specific applications. The materials used in this study are semiconductor
nanocrystalline quantum dots (used in device applications), and organic dye (used to
study and optimize patterning techniques). In addition to the experimental deposition
work, there is a significant simulation component to study the film morphology using
Monte Carlo techniques; and the dynamics of the deposition process using a multiphysics approach.

4

Chapter 2
Background
This chapter introduces the concept of quantum dots and explains their
application in the electronics and photonics industry. Various quantum dot thin film
deposition techniques are discussed, and the specific technique used in this study is
described in detail. The challenges in patterning these quantum dot films, and some
possible patterning techniques are also presented.

2.1 Quantum dots
The term “quantum dot” was coined by Mark Reed [1] to describe a
semiconductor material whose excitons (bound electron and hole pairs) are spatially
confined in all three dimensions. When the physical dimensions of a material are
confined to less than the exciton Bohr radius (average distance between the electron and
hole in the pair), the valence and conduction bands of the semiconductor split into
discrete energy levels. In such cases, the separation between the highest occupied energy
level (HOMO) and the lowest unoccupied energy level (LUMO) is considered the
“bandgap” of the quantum dot. This separation is dependent on the extent of
confinement; higher the confinement (smaller size of quantum dot), higher is the
separation (see figure 2-1).

5

In general, smaller quantum dots have a wider bandgap than larger ones. This
unique property allows for the design and manufacture of a designer atom - a material
with a tunable bandgap, by controlling the size of the quantum dot. In this way, by
keeping the same chemical composition but altering the physical dimensions, bandgap
variation can be achieved. This is significant, because the bulk bandgap energy is specific
to each electronic material. This way, the use of quantum dots enables light emission of
varying wavelengths in spite of having the same chemical make-up.

2.2 Applications of semiconductor NQD thin films in electronics and photonics
Semiconductor nanocrystalline quantum dots (NQDs) are usually deposited in the
form of thin films in the device structure. PbSe quantum dot thin films find applications
in solar cells to absorb radiation in the far infrared range [3, 4]. Such hetero-structure
based solar cells are found to be much more efficient than silicon based ones. CdSe
quantum dots emit light tunable to the visible spectrum [5, 6] and find applications in
LED [7, 8], lighting [9] and display technology. Si quantum dots of varying sizes
embedded in oxide have been made into white-light emitters [10] for energy efficient
lighting applications. These examples illustrate the need for developing suitable
deposition techniques for quantum dot films to be incorporated into new generation
devices.
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Figure 2-1: Bandgap variation of CdSe particles with size [2]
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2.3 Physics of CdSe quantum dots
According to the effective mass approximation model [11], the effective bandgap
of a nanoparticle is given by
2
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where,
E* is the effective bandgap of the quantum dot
Egbulk is the bulk bandgap of the material
r is the radius of the nanoparticle
me* and mh* are the effective masses of electrons and holes respectively, and
is the dielectric constant of the material
The second term on the right side of the equation represents an increase in energy
due to particle-in-a-box confinement. The third term represents a lowering of energy due
to electron-hole interaction via a shielded Coulomb interaction mechanism. The fourth
term, negligibly small and size independent, is a polarization term and accounts for
spatial correlation effects.
The contribution of each term in the bandgap of a CdSe QD is calculated for the
radius range of 2-10 nm, using material parameters of CdSe shown in table 2-1. This
comparison is plotted in figure 2-2(a). Figure 2-2(b) shows the calculated change in
bandgap for CdSe particles as the QD radius is varied from 10 nm down to 2 nm. At
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10 nm, the QD size is equal to the exciton Bohr radius of cadmium selenide (the bulk
material), hence quantum confinement effects are barely observed, and the bandgap is
equal to the bulk bandgap of CdSe. As smaller values of radius are approached, the
second term dominates over the third, resulting in a net increase in bandgap.
It is important to note that the range of bandgap energies produced by CdSe
quantum dots spans almost the entire visible spectrum. Quantum dots of ~3.5 nm
diameter are found to emit in the blue range of the visible electromagnetic spectrum,
while those with ~6 nm diameter emit red wavelengths. This makes CdSe quantum dots
attractive to the photonic industry as visible light emitting materials in device
applications.
An empirical relation [12] between the first absorption peak wavelength

and

CdSe nanoparticle diameter d (measured using transmission electron microscopy (TEM))
is given by
d = 1.6122×10-9

4

-6

3

+ 1.6242×10-3

2

The absorption peak and the emission peak in the case of CdSe QDs are separated
by about 15 nm. This difference arises due to the fact that absorption can occur between
energy levels lower than the HOMO and those higher than the LUMO, whereas emission
almost always occurs at the energy corresponding to the HOMO-LUMO transition. This
energy difference is accounted for by phonon scattering which brings the electrons to
LUMO and holes to HOMO for the recombination process.
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Table 2-1: Material properties of bulk CdSe
Bulk bandgap
Dielectric constant
bulk
EG
1.74 eV
10.6
m0 is the rest mass of the electron

Electron effective mass
me*
0.13 m0

Hole effective mass
m h*
0.45 m0

1.8
1.6
term2
term3
term4

Value (eV)

1.4
1.2
1
0.8
0.6
0.4
0.2
0
0

2

4

6

8

10

Bandgap (eV)

QD size (nm)

(a)

3.5
3.3
3.1
2.9
2.7
2.5
2.3
2.1
1.9
1.7
1.5
0

2

4

6

QD size (nm)

8

10

(b)

Figure 2-2: (a) Comparative contribution of magnitude of each term of the effective mass
approximation equation to the calculated bandgap of CdSe QDs. (b) Variation of CdSe
QD bandgap as a function of radius of QD.
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2.4 Core-shell quantum dot structure
There are several advantages of fabricating quantum dots with a core/shell
structure as compared to a single-material homogenous structure. Figure 2-3 shows an
illustration of a CdSe quantum dot and a CdSe/ZnS core/shell quantum dot and the
corresponding band structure [13]. The shell structure typically consists of a wider
bandgap material as compared to the core (e.g. 3.64 eV for ZnS as compared to 1.76 eV
for CdSe). As stated by [14], “Overcoating nanocrystallites with higher band gap
inorganic materials improves the photoluminescence quantum yields by passivating
surface nonradiative recombination sites. Particles passivated with inorganic shell
structures are more robust than organically passivated dots and have greater tolerance to
processing conditions necessary for incorporation into solid state structures.” The
CdSe/ZnS core/shell quantum dots have shown room temperature fluorescence quantum
yield of ~50% [15] as compared to ~10% for CdSe quantum dots without a shell structure
[16]. It is important to note that both types of structures are overcoated with organic
ligands and are stored in organic solvents.
The choice of material for the shell structure is dictated by several desirable
properties. At the minimum, the shell structure needs to be of a wider bandgap material
than the core in order to have carrier confinement. The conduction band and valence band
offsets need to be similar to prevent unequal confinement of electrons and holes. It is also
important that the shell structure does not modify the core during the fabrication process.
In case of CdSe quantum dots, ZnS is found to satisfy these requirements.

11

(a)

(b)

Figure 2-3: (a) Illustration showing CdSe and CdSe/ZnS quantum dots. (b) Band diagram
of CdSe/ZnS core/shell quantum dot [13].
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2.5 Liquid phase thin film deposition techniques
The manufacture of II-VI semiconductor NQDs and their deposition are two
separate processes. CdSe quantum dots are manufactured by arrested precipitation in
solution form [16]. Cadmium and selenium precursors (Dimethyl cadmium and
trioctylphosphine selenide) are separately heated and then mixed, and the resulting
solution is quenched using liquid nitrogen to form nearly monodisperse nano-crystalline
quantum dots. Core/shell structured quantum dots are manufactured by a similar two step
procedure involving organic solvents. The focus of this study is on deposition of quantum
dots; a detailed explanation of manufacture may be found elsewhere [5, 11, 13 and 17].
These quantum dots, when used for thin film depositions, are nearly always in the
form of colloidal solutions, which prevents agglomeration of the dots and also provides
easy techniques of deposition. This form of depositing thin films is known as Physical
Liquid Deposition. Some of the possible deposition techniques are discussed below.

2.5.1 Spin coating
Spin coating is the simplest and easiest deposition technique, being used in
mainstream electronics manufacturing for decades. The process involves depositing a
small pool of precursor solution on the substrate and then spinning the substrate. The film
thickness from spin coating depends on material properties of the solution, namely
viscosity, surface tension, concentration and evaporation rate; and parameters of the spin
process, namely spin speed, acceleration and time. Mathematical models (e.g. [18, 19, 20,
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and 21]) exist to precisely determine the film thickness based on material properties and
spin parameters. This is a mature technique used extensively for thin film deposition.
However, spin coating suffers from certain drawbacks in relation to quantum dot
thin films. The thickness, uniformity and mechanical coherence of spin coated thin films
depend strongly on the spin parameters and any small variations affect the repeatability
of the process. Extremely thin and uniform films with complete coverage cannot be
obtained easily by spin coating. The radial non-uniformity of spin coated thin films is
well-documented [22, 23]. In addition, the problem of complete and uniform coverage is
more severe at lower solute concentrations, as is demonstrated in this study.
The most severe limitation of spin coating is the inability to pattern the films by
non-lithographic techniques. Spin coating essentially implies coverage of the entire
substrate by the solvent causing a non-selective and fairly uniform film. Traditionally,
these films are then patterned by photolithography, and this approach is incompatible
with quantum dot films. Hence, the use of spin coating is limited in such applications. In
addition, spin coating requires circular substrates; other deposition techniques do not
suffer from this limitation and are compatible with large irregular substrates. Particularly
for large-sized rectangular LED arrays used in display technology, spin coating is not a
suitable option.

2.5.2 Spray coating
In spray coating techniques, the solution is pulverized into micron sized drops by
means of a carrier gas or by ultrasonic atomization at the spray nozzle. These drops are
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sprayed onto the substrate at fairly high velocity, forming a spray cone. In order to
completely cover the substrate, there is relative motion between the spray nozzle and the
substrate, usually the spray nozzle is raster scanned across the substrate. The important
controlling parameters in spray deposition are the spray velocity, source to substrate
distance, flow rate and spot size.
Non-uniformity of films from spray deposition results from several factors. The
flux of drops is non-uniform across the spray cone, resulting in more material being
deposited at the center of the spot. While the flow rate and source to substrate distance
can be accurately controlled, the size distribution of the drops is somewhat selective but
variable. This limits the uniformity and control over thickness of the film.

2.5.3 Inkjet printing
The inkjet printing method, commonly used to print computer data on paper, has
been adapted for material deposition techniques. The inkjet printer nozzle, or “head”
produces ink i.e. solution drops by means of electromagnetically induced pressure waves.
The ink filled chamber also includes a piezoelectric material which generates a pressure
pulse on the application of a voltage pulse. In the “drop-on-demand” technology [24], an
ink drop is ejected from the chamber only when the pulse is generated. The drop size is
approximately equal to the orifice diameter and is usually 20-100 microns.
One of the most commonly used commercial inkjet printing platforms for material
deposition and patterning is the Fujifilm Dimatix Materials Printer DMP-2800. It can
pattern large area substrates (200 mm x 300 mm) with a 5-

dot pitch
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[25]. This system can deposit drops of volume 1 pico-liter or 10 pico-liter (corresponding
to drop
compared to sub-micron sized droplets) has two significant drawbacks. Firstly, solution
drops, on deposition, spread over the substrate to form a spherical cap shape. This leads
to a much wider spread of the drop compared to its initial diameter (see discussion on
film growth in section 4.3), degrading the patterning resolution. Secondly, the larger drop
size makes the solvent evaporation process slower and susceptible to the coffee ring
effect [52]. This, coupled with the drop-by-drop deposition makes this technique
inherently time-consuming. Figure 2-4(a) shows luminescence microscopy photograph
striped pattern of QD films printed using the DMP-2800 printer [26]. The parallel lines
However, observation of the image
reveals that the patterned luminescent films are wider than dark spaces, indicating the
spread of the ink over the substrate. In addition, a considerably high line edge roughness
and presence of voids in the patterned film can be observed. This result of the inkjet
printing process may be compared to a mist deposited QD film shown in figure 2-4(b), of

The inkjet printing technique is quite sensitive to the material properties of the
solvent, such as the ink viscosity, surface tension and vapor pressure. The viscosity has to
be low for rapid dispensing of ink drops, the surface tension has to be high to prevent the
ink from dripping out of the nozzle, while the vapor pressure has to be optimum such that
the ink does not dry inside the nozzle and clog it, but dries reasonably fast when
deposited on the substrate. Problems with inkjet printing technology for depositing
material layers include printing of defect-free layers and wetting of low surface energy
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substrates such as plastics. Inkjet printing has been successfully used for depositing
quantum dot solutions [27] and is currently the most significant competitor for mist
deposition, the technique used in this study.

2.5.4 Mist deposition
Liquid source misted chemical deposition (LSMCD), commonly known as mist
deposition, is the focus of this study. It is a physical liquid deposition technique, designed
to address the limitations of other thin film deposition techniques discussed above. The
principles of mist deposition and the detailed working mechanism of the process are
explained in subsequent sections of this chapter.

2.6 Principles of mist deposition
Mist deposition is a controlled deposition technique, used primarily to deposit
films as thin as a few monolayers. Figure 2-5(a) shows the mist deposition setup. The
liquid precursor solution is forced into an atomizer through a venture type nozzle to
convert the liquid solvent into fine droplets. The carrier gas, usually ultrapure N 2, carries
the solvent droplets through the chambers of the atomizer (see figure 2-5(b)). The mass
impactors in the atomizer separate the droplets according to size based on the inertia of
the droplets. Larger droplets hit the impactors and settle down into the chamber in liquid
form whereas the lighter droplets are carried into subsequent chambers and then to the
deposition tool.

17

(a)

(b)

Figure 2-4: Comparison of QD films patterned using (a) inkjet printing,
[26], and (b) mist deposition, a
study, 28].

[this
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Figure 2-5: (a) Mist deposition setup showing two atomizers, the deposition chamber and
the bubbler setup for modifying solvent vapor pressure and (b) Internal structure of
atomizer with relative sizes of mist droplets.
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The selected drop size depends on the viscosity and density of the solvent, and it
is 0.25 microns for toluene, used as the solvent for this study. The size distribution is
usually log-normal [46, 47, 48]. At this size, gravity effects are not sufficient to settle the
drops and they remain suspended in the atomizer in the form of a mist. This gives the
process its characteristic name. The mist droplets are carried by the carrier gas from the
atomizer to the deposition chamber. They enter the deposition chamber through a shower
head and remain uniformly suspended inside the chamber. The mist droplets are believed
to be charged at the point of mist generation, due to shearing forces from the carrier gas
which form the droplets from the liquid source. There are equal numbers of positively
and negatively charged droplets, with the overall mist being neutral. These charged mist
droplets would remain suspended in the chamber and be swept away with the exhaust
force unless there is another force effecting deposition onto the substrate. This is
achieved by setting up an electric field inside the chamber between the field screen and
the substrate. The potential applied between the substrate and the screen can be varied in
the range of 0-10 kV. Past experiments indicate 8 kV as the optimum deposition field.
Under action of the electric field, the negatively charged mist particles are deposited onto
the substrate [29]. While this inherently limits the precursor usage efficiency inside the
chamber, most of the solution loss takes place in the atomizer during size selection. The
solution left behind in the atomizer due to size selection of droplets can be easily
recovered and reused. The substrate is slowly rotated at 10 rpm to ensure uniform
distribution. Mist deposition has been used to deposit extremely thin films of high-k
dielectrics [30], organic semiconductors [31] and photoresist [32]. Some past results are
shown in figure 2-6.
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(a)

(b)
Figure 2-6: (a) TEM characterization of ~3 nm thick mist deposited high-k dielectric film
[30], and (b) Profilometry plot of a patterned photoresist film 170 nm thick, with a
roughness of 2 nm [32].
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2.7 Patterning techniques used in mist deposition
Mechanical masks are used for shadow masking the substrate to pattern features.
A thin piece of metal or plastic with suitably etched openings can be used as a mask. Mist
droplets will deposit on the substrate through the openings, creating features on the
substrate (see figure 2-7). Theoretically, the resolution of mist deposition can be as low as
the drop size of the mist particles, i.e. 0.25 microns. In practice, the resolution of this
technique is limited by the mechanical stability of the thin features on the mask. It is
observed that mask features smaller than 100 microns are prone to breakage.
Shadow masking limits the resolution of the mist deposition process. In another
approach the substrate is patterned and features of interest are functionalized to form the
film in those regions by preferential aggregation or self-assembly. Lithographic approach
can be used to pattern the substrate prior to thin film deposition. Preferential aggregation
over functionalized regions of a substrate has been demonstrated for ceramic thin films
[33], strontium bismuth tantalite [34], photoresist [32] and Pt nanoparticles [35].
Figure 2-8 demonstrates the approach used in this technique. The substrate is
patterned and/or functionalized to create high and low surface energy regions on the
substrate. When the liquid precursor solution is deposited, it tends to form a uniform film
with complete coverage in the high surface energy areas whereas film growth is retarded
in the low surface energy areas. Conceptually, this is similar to a film of water forming
over patterned silicon dioxide (hydrophilic) while being repelled from the exposed silicon
(hydrophobic) regions.
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Figure 2-7: Patterning using mechanical mask.
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Figure 2-8: Selective area deposition using functionalized substrate.
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2.8 Use of mist deposition in thin film formation
A colloidal solution of nanoparticles in a suitable organic solvent can be used as
the liquid precursor for mist deposition of nanoparticle thin films. Mist deposition has
been used to deposit CdSe NQD films for fabricating light emitting diodes (LEDs) [36]
and dielectric embedded Si quantum dots [37] in past work. Ongoing work in the area of
CdSe NQD based QD-LED technology [38] is presented in this study.

2.8.1 Thin films for LED devices
Display technology is changing from liquid crystal display (LCD) based systems
to LED based systems in response to the requirements of high resolution, low weight and
form factor, faster response/refresh rate and minimal power consumption, particularly for
mobile applications. LCD based screens require an always-on backlight, and the light
transmission and color are manipulated to display an image. This results in significantly
high power consumption. In comparison, LED based screens require the individual
devices of a particular location to be turned on only when the corresponding color pixel
needs to be displayed.
The active light-emitting layer in LED displays can be organic or inorganic in
nature. Organic LEDs (OLEDs) typically make use of small molecule organometallic
chelates (e.g. Alq3) [39] or polymers (e.g. poly[2-methoxy-5-(2’-ethylhexyloxy)-pphenylene vinylene] (MEH-PPV)) [40]. While OLEDs offer superior performance
compared to LCDs in terms of response time, power efficiency, light weight and
mechanical flexibility (e.g. using PET substrates), their biggest drawback is their low
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lifetime [41] compared to LCDs or quantum-dot LEDs, caused by degradation due to
oxidation and humidity.
Quantum dot LEDs (QD-LEDs) offer the same advantages as OLEDs over LCDs,
but also feature improved device lifetimes due to their inorganic nature [42]. The working
principle remains the same, with the light emitting layer being a thin film of quantum
dots which emit light in the visible range. The most promising candidate material for the
active layer of QD-LEDs is a quantum dot structure with a CdSe core and ZnS shell. By
manipulating the core diameter or composition, these quantum dots are able to emit light
in the entire visible spectrum. The possibility of using the same basic material for
producing red, green and blue light simplifies the manufacturing process significantly.
The active layers in both OLEDs and QD-LEDs are usually deposited from a
liquid based precursor solution. Due to poor electronic transport properties of the active
layer, this layer needs to be as thin as possible to ensure maximum electron-hole
recombination in the active layer, yielding maximum light output and power efficiency.
Particularly in the case of QD-LEDs, the deposition requires monolayer precision with
minimal voids or agglomerations. To this end, mist deposition has been investigated as
the method of choice for thin film deposition for both OLEDs [43] and QD-LEDs [25,
27, this study].

2.8.2 Thin Films for Security Applications
The unique spectral signatures of CdSe quantum dots can be used as positive
identification in anti-counterfeiting and security applications [44]. Barcode patterns
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deposited using quantum dot thin films can be used to provide overt and covert security
features. The barcode pattern itself can be used to encode numeric or alpha-numeric
information according to several international standards such as UPC or EAN barcodes
found on all supermarket products. This information is machine-readable and sometimes
user-readable also. Luminescent barcodes need to be illuminated using UV light to make
the barcode pattern visible. The covert security feature lies in the specific emission
wavelength of the ink used, known as the spectral signature. Quantum dots have a very
sharp emission spectrum as compared to organic chromophores and a well-defined
spectral spread. Duplicating that emission spectrum implies the manufacture of precisely
controlled quantum dots, which is a process that is difficult, if not impossible, to reverseengineer. In addition, the capability of mixing two or more QD inks gives rise to a large
number of unique signature combinations.
It is important that the security pattern be invisible or minimally visible under
ordinary illumination. This is certainly possible when using monolayer-thin films of
quantum dots, which are only a few nanometers thick. Another important aspect of this
application is that the substrates used for deposition can be of a varied nature such as
paper for currency notes, passports and documents, and plastic for credit cards and
identification cards. These substrates are expected to behave differently with the solvent
and hence, present their unique problems. The solvent is likely to bleed through the paper
causing irregular patterns, whereas plastic substrates do not allow use of heat treatments
to evaporate the solvent.
To avoid these problems of solvent-substrate interaction, it is important to
minimize the exposure of the substrate to the solvent, while maintaining patternability of
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the films. In this context, the use of smallest possible drop sizes is necessary for
deposition using liquid precursors. Here, the sub-micron drop size of mist deposition
offers significant advantage over other deposition techniques such as inkjet printing and
spray deposition. The compatibility of paper substrates and the ability to deposit barcodepatterns of quantum dot thin films [45] is demonstrated in this study.
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Chapter 3
Motivation and Objectives
Semiconductor nanocrystalline quantum dots have a variety of niche applications
in the electronics and photonics industry. Physical Liquid Deposition (PLD) techniques
for quantum dot thin film formation are the most promising and easy-to-process
techniques in this field. Out of several PLD techniques, mist deposition is perhaps the
most suitable technique for depositing ultra-thin films down to monolayer thickness. The
motivation behind this study is to understand the mechanics of mist deposition and
establish the technique as a viable approach towards thin film deposition of
semiconductor NQDs. The objectives of this study are outlined below.

Quantum dot light emitting diodes (QD-LEDs) are a promising device to replace
traditional display and lighting technology due to their high luminescence and excellent
power efficiency. They are perhaps a better choice over organic light emitting diodes
(OLEDs) due to lifetime concerns. For the most efficient operation of QD-LEDs, the
quantum dot light emitting layer needs to be as thin as a monolayer, while having
uniform and complete surface coverage. Mist deposition has been demonstrated as a
suitable technique for depositing such films. The objective of this part of the study is to
optimize deposition conditions for fabricating high-intensity, spectrally pure QD-LEDs.
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As illustrated earlier, traditional lithographic techniques are incompatible with
patterning of quantum dot films. When trying to deposit these films, alternative
patterning techniques have to be used, such as mechanical masks (shadow masking) or
controlled deposition (such as inkjet printing or micro-contact imprinting). Another
approach is area selective deposition, where a blanket deposited film selectively
aggregates on functionalized features on the substrates. This can be considered as a selfpatterning technique. In this case, the objective is to identify suitable solvents and
functionalizing techniques compatible with each other and with the mist deposition
process, in order to achieve area selective deposition.

In order to successfully push for the introduction of mist deposition as a
mainstream fabrication process, it is necessary to understand the mechanism of mist
deposition and be able to predict the film morphology from the given process conditions.
To achieve this objective, Monte Carlo and MultiPhysics studies will be carried out to
understand and predict the deposition process and determine film morphology as a
function of the deposition parameters.
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Chapter 4
Simulation of Mist Deposition Process
This chapter presents an analysis of the mist deposition process through
simulation and modeling. Multi-physics and Monte Carlo simulations of mist deposition
were performed on the Lion-XJ cluster of Penn State’s High Performance Computing
facility to predict the gas flows, droplet trajectories, collection efficiency and film
morphology. Data analysis and generation of figures were done on a personal computer.

4.1 The atomization process – A mathematical model
A physical model is needed to explain the success of mist deposition in the
formation of smooth ultra-thin nanoparticle films. Starting with the atomization process,
it is necessary to predict the drop size. The term “drop size” can be defined in multiple
ways depending on the phenomenon of interest, particularly when the range of possible
drop diameters follows any known mathematical distribution. Some of the possible
definitions include mass median diameter and mass mean diameter, count median
diameter and count mean diameter; and volume-to-surface-area mean diameter (Sauter
Diameter). Each of these is defined on one of several possible moments of distribution of
the atomized drop sizes. The relationship between various moments for log-normal
distribution is shown in figure 4-1 [46]. Various references [e.g. 46, 47, 48] indicate that
the atomization of a fluid leads to a log-normal distribution of drop diameters.

31

Figure 4-1: Example illustrating log-normal distribution of a random variable and its
various moments.
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When the atomization occurs rapidly, the liquid breakup process and resulting
droplet size are governed by the ratio of the kinetic energy of the atomization gas and the
surface energy of the liquid. The resulting formulae for the mass median diameter (mass
weighted) and geometric mean diameter (count weighted) are given below [47, 48].
These will be used to analyze experimental data obtained from the atomizer manufacturer
[49]. For the typical atomization parameters used in the experimental process, and the
solvent used (toluene), the values of the physical variables are indicated in parentheses.
Mass median diameter MMD

exp

Geometric mean diameter d g

exp

n d 3 ln( d )
n d3
n ln( d )
n

where, n is the number of drops of a particular value of diameter d in the given lognormal distribution.
From cascade impactor data (figure 4-2) obtained from the atomizer supplier [49]
the drop size variation follows a log-normal distribution given by
f (d p )

2

1
exp
ln( ) d p

ln( d p ) ln( d g )
2 ln( )

2

2

where,
f (d p ) is the value of the log-normal function at diameter d p
d g = 0.33

is the geometric mean diameter [49], and

= 3.75 is the standard deviation [49].
MMD and dg are related by the relation MMD

d g exp 3 ln 2 ( )
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(a)

(b)
Figure 4-2: Mist droplet size distribution by (a) count frequency and (b) mass frequency
using data from [49]. Note that the log-normal distribution appears asymmetrical in the
linear scale. Also, the log-normal distribution plotted on a log scale appears similar to the
Gaussian distribution plotted on a linear scale.
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For an atomizer with transverse feeding of liquid into gas jet, the following
formula [47] relates the drop diameter to system and solvent parameters:
MMD

0.91 d 0 We
G

We

0 .5

VG2 d 0
L

Where,
MMD = Mass Median Diameter
We = Weber Number
G

= gas density (1.2 g/L)

d0 = orifice diameter (1/16” = 1.58mm)
VG = gas velocity (190 m/s, calculated from 9 L/min flow rate)
L

= liquid surface tension (28.52 mN/m)

For these values, the calculated Mass Median Diameter of the toluene atomization
process is MMD = 72

, which is in good agreement with the experimentally obtained

value of MMD

dg

= 3.75 [49]).

The cumulative distribution function (CDF) of the log-normal distribution is
given by
CDF

1
erfc
2

ln( d p ) ln( d g )
2

The atomizer used in this study is configured to inertially separate droplets larger
dp
the value of CDF is 0.22. Hence the mist generation efficiency is 22%.
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4.2 The deposition process – A multi-physics model
The deposition chamber was modeled as a coupled electrostatics and fluid
dynamics problem to study the carrier gas flow and motion of mist droplets inside the
chamber. Figure 4-3 shows a 2-dimensional axi-symmetric model of the deposition
chamber modeled in COMSOL Multi-Physics with the carrier gas flow and the
distribution of the electric potential inside the chamber. The input parameters to the
multi-physics model include the flow velocity of carrier gas, size and charge of mist
droplets and the bias voltage between the substrate and the field screen.
The model in COMSOL MultiPhysics is completely described by specifying the
model geometry (as shown in figure 4-3), the initial conditions of the regions and
boundary conditions. The initial conditions assumed that the chamber was filled with
nitrogen and had no charge in the entire chamber. The walls were modeled assuming no
charge buildup and no-slip condition (no gas flow parallel to the wall at the interface).
The no-slip assumption was compared to the slip condition in a test case and no
significant change in gas flow was observed. The advantage of the no-slip condition was
significant reduction in computation complexity. The substrate holder is a silicon wafer
in the experiment, and this was modeled with a no-slip condition and a variable potential
applied on it. The field screen was modeled by a ground plane in electrostatics, and a
continuity condition in the gas flow. The inlet boundary condition was specified by a
constant gas velocity, while the outlet was modeled as a constant pressure boundary. The
MultiPhysics model was then solved using a stationary segregated solver for the steady
state solution to the problem. The steady state solution for a particular case with inlet
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velocity of 1.3 cm/s (explanation below) and deposition potential of 8 kV is shown in
figure 4-3 (a,b,c).
In order to calculate the nominal flow velocity of the carrier gas, the volumetric
flow rate of carrier gas through the atomizer under standard operating conditions
(nitrogen delivery pressure of 60 psi) was measured and found to be 9 liters per minute.
Assuming that the volumetric flow rate remains constant across the entire length of the
mist delivery piping and chamber entrance, the flow velocity at the chamber inlet was
calculated by dividing the volumetric flow rate by the face area of the shower head.
Although the openings (holes) in the shower head are much less in area compared to the
face area of the shower plate, the entire plate area was used in this calculation considering
the change in pressure and velocity as soon as the gas entered the chamber. From 9
liter/min flow rate and 113 cm2 plate area, the flow velocity was calculated to be 1.3
cm/s. This value was used as the inlet velocity of the nitrogen carrier gas. An attempt was
made to simulate the flow of carrier gas through a 3-dimensional model of the atomizer,
but the multi-physics model did not converge due to very high pressure differences. This
problem was too advanced in fluid dynamics to be considered in this study; hence an
experimentally determined value of carrier gas flow velocity was used.
The collection efficiency of the deposition process, as defined by the fraction of
mist droplets in the chamber actually getting deposited on the substrate, was calculated as
a function of the applied electric potential between the substrate and the field screen. This
calculation was performed by plotting the trajectories of the mist droplets using the
particle tracing module (see figure 4-4). The particle mass was calculated for a mist drop
made of toluene with 0.25 µm diameter and the particle charge was obtained from [29].
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(a)

(b)

(c)
Figure 4-3: Two-dimensional axi-symmetric plots of multi-physics simulation of the mist
deposition process showing (a) Electric potential, (b) Carrier gas velocity, and (c) Carrier
gas path inside the deposition chamber.
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Figure 4-4: Particle tracing plot of mist droplets inside the chamber, simulated in
COMSOL multi-physics. The plot shows a collection efficiency of 16% at 2kV applied
bias.
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The variation in collection efficiency was plotted as a function of the
applied bias in figure 4-5(a). Assuming that all other process and material
parameters remain constant, the growth rate of the deposited film will be
directly proportional to the amount of mist droplets collected by the substrate,
hence growth rate is directly proportional to collection efficiency.
In an earlier experiment [32], photoresist (Shipley 1805) films were grown
using mist deposition. In that study, the growth rate of the films was calculated
as a function of the applied bias. Figure 4-5(b) plots the experimental data from
that

experiment,

and

compares

the

experimentally

determined

growth

rate

to the calculated growth rate using collection efficiency values from the
multi-physics simulation. The two are found to show a very close match, thus
confirming the hypothesis that the growth rate is proportional to the applied bias
between the field screen and the substrate inside the deposition chamber.
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Figure 4-5: (a) Change in collection efficiency as a function of applied bias. (b)
Comparison of experimentally measured [32] and calculated growth rates for photoresist
films.
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4.3 Model of film growth
During the actual deposition process, misted droplets of the QD solution can be
considered to arrive onto the substrate one by one, where they coalesce to form larger
drops, provided the solvent does not evaporate before the next overlapping drop arrives.
The time to evaporate can be estimated [37, 38] by integrating the formula,

(

dV
dt

)

4 RS D

(c S

c )f( )
… (4.1)

where V is the volume of the drop, RS is radius of the sphere forming the spherical
cap shape of the drop, D is the diffusivity of the solvent in the ambient,

is the density of

the solvent, cS and c are the concentrations of the solvent close to the drop surface and at
a large distance away, and

is a function of the contact angle

of the drop. The radius

of the sphere Rs is related to the base radius rb of the drop by the relation

rb

RS sin( )

In the situation where the contact line of the drop is pinned [50] to the surface, as
is the case for low contact angle liquids, the base radius rb is assumed to be constant.
From the exact analysis of the evaporation of a sessile drop [51], for the low contact
angle regime,

f( )

1
(0.6366 + 0.09591
2

2

- 0.06144

3

)

The surface concentration of the solvent cS is assumed to correspond to the
saturation vapor pressure of the solvent. The solvent concentration far away in the
chamber c is assumed to be zero; this can be modified if there is an external source of
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solvent vapor introduced into the chamber to lengthen the evaporation time. Numerical
integration of (4.1) gives the time taken by a sessile drop to evaporate. For a commonly
used solvent in the mist deposition process, toluene, the evaporation time of a
sub-micron sized drop, at room temperature and atmospheric pressure is of the order of
10-6 seconds.
In comparison, the mean time between arrivals of a new drop on the substrate
surface can be calculated knowing the net volume of liquid precursor entering the
chamber, the time of deposition, the dimensions of the chamber and the volume of each
drop. For the typical mist deposition process, the volume of solvent entering the system
is ~ 10 -10 m3

strate area of 0.0314 m2

(8 inch diameter), the mean time between arrival of drops at any location on the
substrate is ~0.1 second. A similar calculation for spray deposition considering 1 ml per
minute flow rate and spot diameter of 1 inch, for various drop sizes is also shown in
figure 4-6
the substrate faster than the previous drops can dry, this could result in splashing of the
solvent and hence, non-uniform films. On the other hand, mist deposition offers a
much more controlled deposition process, where each individual drop can deposit
colloidal nanoparticles and evaporate before the arrival of the next drop, resulting in a
more uniform deposition.
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Figure 4-6: Evaporation time and drop arrival times for spray and mist deposition for
various drop sizes.
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By the above calculation, the mist deposition process can be modeled as a
sequence of sub-micron sized drops depositing on a substrate, and leaving behind a
nanoparticle structure when the solvent evaporates. The drying of a sessile drop
containing colloidal particles is known to produce a phenomenon known as the “coffee
ring effect”. For solvents featuring low contact angles, the contact line between the drop
and the substrate is pinned due to roughness of the substrate surface, resulting in
constant-area evaporation from the drop. As the evaporating flux is non-uniform along
the radius of the drop, a capillary flow is set up inside the drop, causing the dispersed
particles to aggregate at the outer periphery of the drying drop. This effect has been
experimentally demonstrated and modeled for the case of II-VI semiconductor quantum
dots dispersed in water and organic solvents [52]. Figure 4-7 shows the top- and crosssectional schematic views of a nanoparticle ring formed by drying a solvent drop. The
ring profile is linear making a

and height to match the drop profile. Close to the edge, the drop profile can be
approximated as linear making an angle with the substrate equal to the contact angle of
the solvent. Thus, the ring can be considered to have a triangular cross section. Then, the
volume of this ring is

V

h (R

2
)
3
… (4.2)
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V

2

tan( )( R

2
)
3 … (4.3)

Assume that U is the total volume of quantum dots needed to form an ideal
monolayer on a substrate of area A. The total volume U of quantum dots could be
delivered to the substrate in one large solvent drop or several smaller drops. The
dependence of film coverage on the drop size is demonstrated, to justify that a smaller
drop size results in a more uniform deposition.

Let N be the number of solvent drops used to deliver the quantum dots. The
volume of quantum dots in each drop is V = U/N. From (4.3),

U /N

2

tan( )( R

2
)
3 … (4.4)

which can be solved for
Thus, the ring profile can now be determined for each drop. Superposition of
successive rings develops a film of nanoparticles on the substrate. A Monte Carlo
simulation accounts for the randomness in the arrival of successive drops. Each drop
leaves behind a nanoparticle ring whose width and height can be determined using (4.4).
As successive drops land on already formed rings, there may be re-absorption and redistribution of nanoparticles from the earlier rings. This effect is also taken into account
in the simulation by recalculating ring width and height after each drop.
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Figure 4-7: Schematic cross-sectional view of drop profile showing reduction in volume
due to evaporation as well as ring formation.
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4.4 Ideal Case Consideration
First, consider an ideal situation with no drop overlap. Figure shows possible
cases of film formation for different drop size and number for the same total volume of
quantum dots (equivalent to one monolayer). The area coverage of the quantum dots
during deposition is equal to the total base area for all N rings. The base area of one
circular ring is
Ar

2

-

-

2

–

2

) ... (4.5)

The total area covered by quantum dots is NAr for N rings. The fractional area
coverage of the substrate by the film is
It can be seen that increasing the number of drops N and hence reducing drop
size, leads to better area coverage. Figure 4-8 shows the percentage area coverage as a
function of drop size. It is clear that quantum dot films from smaller drops have more
area coverage compared to those formed from larger drops. Also, with smaller drops, it is
easier to control the film thickness h as compared to larger drops. The above
demonstration considers perfect ordering of drops in a square arrangement; however, this
is not the case in an actual deposition. A random drop distribution will lead to overlaps,
reducing covered area. The ideal case demonstration merely illustrates that a smaller drop
size leads to improved film coverage and builds the case for setting up a Monte Carlo
simulation. To account for the randomness in droplet deposition, a Monte Carlo
simulation is carried out. The results of the Monte Carlo simulation follow the same
general trend as the ideal case.
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Figure 4-8: (a) Simulated images showing coverage of QD film for different drop radii 2

function of drop size. Substrate area 10 x
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4.5 Monte Carlo Simulation Results and Discussion
Monte Carlo simulations were carried out to determine the factors affecting the
normalized area coverage and film surface roughness. In these simulations, the
concentration of nanoparticles and volume of solution was kept constant, and the dropsize, and hence, number of drops reaching the substrate was varied. Randomness of drops
getting deposited is accounted for, by the Monte Carlo technique. Equation (4.5) is
applied successively for each arriving drop, including the effect of re-absorption of
nanoparticles already present on the substrate. Superposition of rings from all drops is
used to calculate the final film thickness and roughness and percentage coverage of
substrate by the film.
Figure 4-9(a) shows the percentage area coverage of the substrate by the QD film
as a function of radius of sessile drop (henceforth referred to as drop size) for different
solution concentrations. In all cases for this set, the total number of nanoparticles getting
delivered to the substrate is kept constant and equal to the requirement for 1 ML uniform
2

. The

results show that the area coverage nearly doubles and closely approaches complete
coverage for an order of magnitude change in drop size. Thus, drop size is the single most
important factor affecting surface coverage. Figure 4-9(b) shows the RMS roughness of
the films for the same simulation set. From the combined results of figures 4-9(a) and 49(b), the conclusion is that a smaller drop size during deposition leads to a better surface
coverage and a smoother film.
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Figure 4-9: (a) Percentage area coverage as a function of drop size, at constant QD
volume equal to 1 monolayer coverage in ideal case, shown for various concentrations.
(b) Resulting RMS roughness of the films.
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The next set of simulations investigates the nanoparticle requirement needed to
achieve fixed minimum area coverage, and the resulting film roughness. Area coverage
of 75% was considered as the cutoff to compute the QD quantity requirement and film
roughness. Again, a smaller drop size achieves the required coverage in less number of
QDs. Since the same coverage is obtained with fewer QDs, the resulting film is smoother
due to lesser piling-up of QD and hence, lesser variation in height. Figures 4-10(a) and 410(b) show the thickness and RMS roughness of films with 75% surface coverage. The
required thickness for obtaining specified coverage increases progressively as the drop
size increases. An important consequence of increased drop sizes is that coherent films
with specified minimum percentage coverage cannot be made arbitrarily thin. Drop size
places a lower bound on the achieved thickness of the film for specified percentage
coverage.
Both sets of simulations were used to study the effect of concentration on film
quality. Two concen
-4

-4

) and 8 C (volume

) were considered. Results show that a lower concentration of solution

leads to a better film, but at larger drop sizes. While this result is important in the regime
of spray deposition, the small droplet sizes selected in mist deposition make the film
quality somewhat immune to changes in precursor concentration. This effect is most
pronounced for monolayer thick films since a lower concentration means more solution
droplets for the same number of QDs and hence a spatially wider distribution, at least
during the initial stages of film formation. Again using the same argument as earlier, a
wider distribution of the same number of QDs leads to a smoother film. Thus,
concentration is an important factor affecting film smoothness.
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Figure 4-10: (a) Film thickness (signifying lower bound on QD consumption) and (b)
resulting RMS roughness of the films, as a function of drop size, at constant area
coverage of 75 %, shown for various concentrations.
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The above results indicate that small drop size and low concentration lead to
thinner and smoother films. Film thickness is an important parameter to be optimized in
the application of CdSe QD films in LED applications. If the amount of quantum dots
delivered to the substrate is too less, it results in incomplete film coverage. This causes
direct contact between the hole transport layer and the electron transport layer leading to
light emission from the electron transport layer instead of the quantum dot layer. This
effect is detrimental to the operation of the LED device because it corrupts the emission
spectrum (more details in section 6.something). On the other hand, if the QD film is too
thick, it lowers the device efficiency due to poor current transport in the QD layer [53,
54]. Therefore, the optimum film thickness needs to be estimated using simulations and
then experimentally determined.
From the experimentally used QD solution concentration and mist drop diameter
of 0.25 µm, the number of quantum dots in each mist drop is calculated to be ~10
QDs/drop. Using these values, the percentage coverage of the substrate (area = 4 µm2)
was simulated for various target film thicknesses. These results are plotted in figure 4-11.
For a target thickness of one monolayer, the substrate coverage is not 100 % due to
random overlap of quantum dots during deposition, rather than a perfect layer getting
deposited. The coverage is actually closer to 78.9 %. Therefore, additional quantum dots
need to be delivered to the substrate. At two monolayers, the surface coverage is 95.6 %.
For thicker films, the improvement in surface coverage is negligible and close to
complete coverage is obtained. Considering poor current transport, there is no need to
deposit films thicker than 2-3 monolayers. This represents the target thickness of QD
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films during the experimental work. Results shown in section 6.1 indicate that this
thickness range has been achieved.

4.6 Estimation of Deposition Parameters
From the atomizer calculations, the mist generation efficiency was calculated to
be 22 %. It is known that the mist consists of equal number of positively and negatively
charged droplets, and that droplets of only one polarity will be deposited under the action
of the electric field. Further, the mist utilization efficiency was estimated from section 4.2
to be around 35 % at 8 kV deposition potential. Hence, the net mist deposition efficiency
can be calculated as the product of all these intermediate efficiencies, giving it a value
of ~ 4%.
From section 4.5, the target film thickness should be at least two monolayers. The
quantum dots have a diameter of 5 nm. From this, the area density of the QD film is
calculated to be approximately 5 x 1012 /cm2. The substrate plate used inside the chamber
is a 6” silicon wafer, giving it a surface area of 177 cm2. The total number of QDs
required to form a two monolayer film becomes 177 x 5 x 1012 x 2 = 1.77 x 10 15.
Knowing that there are 10 QDs per drop, the number of mist droplets that should
deposit on the substrate to form the required film is 1.77 x 1014. The diameter of all mist
droplets is assumed to be 0.25 µm uniformly. Then volume of a single mist droplet is 8.2
x 10-15 cm3. The total volume of solution that must get deposited is 1.77 x 1014 x
8.2 x 10-15 cm3

3

. Since the total mist deposition efficiency is 4 %, the volume of

solution required for the entire deposition process using these parameters is 35 cm3.
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Figure 4-11: Simulation of percentage area coverage of 4 µm2 substrate for various target
film thickness values, using 0.25 µm drop diameter and 10 QDs/drop concentration.
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Chapter 5
Experiment
This chapter describes the various materials and techniques used in the
experimental part of this study.

5.1 Liquid precursors
The semiconductor quantum dot and dye solutions employed in this study use
toluene (>99.5%, Sigma Aldrich) as the solvent. CdSe/ZnS core-shell quantum dots
obtained from Ocean Nanotech, LLC. were used for QD-LED fabrication. The solution
concentrations were specified in terms of optical density (OD) and were 0.16 (red QDs),
0.20 (yellow QDs) and 0.25 (green QDs). Due to high cost of obtaining QDs, Lumogen®
red, orange and blue dyes were used for patterning experiments when the complete
device structure was not required. Dye deposition precursor solutions were made with a
concentration of 3 mg/ml.

5.2 Deposition Techniques
Mist deposition is the focus of this study and it was used for the deposition of
most of the samples in this study. The liquid precursor flow rate was always maintained
at 1 ml/min and the deposition electric field was kept at 8 kV/cm, for all depositions.
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These parameters were obtained from past experiments with the deposition tool. The
carrier gas supply was maintained at 60 psi of ultrapure (>99.99%) nitrogen.
Experimental variation was mainly carried out by changing the deposition time and the
solvent vapor pressure in the chamber.
The mist deposition tool was modified by attaching a solvent bubbler to the
process chamber. The bubbler setup was capable of bubbling the solvent using nitrogen
gas into the chamber with gas flow rates up to 2 liter/min. The bubbler was installed over
a hot plate, capable of heating the solvent usually to 50 °C.
For comparative study of device performance as well as film morphology, spin
coated samples of CdSe QD films were obtained from a collaborating research group.

5.3 Substrates
Various types of substrates were used for experimentation. Pre-cleaned glass
substrates (Cat. No. 48300-025, VWR Scientific) were used for blanket depositions and
patterning experiments in the initial phase of the study. Pre-cleaned PET substrates were
also investigated for use in making flexible LED devices. QD films were also deposited
on glass substrates coated with PEDOT:PSS and poly-TPD in conjunction with
manufacture of LED devices (see section 5.4). Bare silicon substrates with HF dip (to
remove native oxide) were used as control samples.
In the second part of the study, paper substrates were used to investigate the use
of QD films in barcode and labeling applications. Three types of paper were studied: (1)
commercially available printer paper, (2) 100% cotton fiber paper, and (3) glossy paper.
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From thickness measurements, the calculated density values were 0.75 g/cm3 for inkjet
paper (grammage = 75 g/m2) and 0.64 g/cm3 for cotton paper (grammage = 90 g/m2). The
glossy paper was coated with silicone, which is expected to prevent absorption of ink into
the paper, hence density measurements were not needed to judge absorption and spread
of ink. Fluorescent whitening agents [55] are commonly used in inkjet paper to enhance
appearance, which work by absorbing light from UV wavelengths and emitting in the
blue range. Their presence in inkjet paper and absence in cotton paper and glossy paper
was verified using a handheld UV lamp. Control deposition processes were carried our
using glass as a substrate.

5.4 The LED structure
Figure 5-1(a) shows the structure of the QD-LED devices fabricated for this
study. The device structure consists of a glass substrate with a coating of patterned
Indium Tin Oxide (ITO) for positive electrodes. Over this is a spin-coated layer of
poly(3,4-ethylene dioxythiophene) doped with poly(styrenesulfonate) (PEDOT:PSS) to
planarize the surface and another spin coated layer of poly[N,N’-bis(4-butylphenyl)N,N’-bis(phenyl)benzidine] (poly-TPD) which acts as a hole transport layer (HTL). Mist
deposition is then used to deposit the CdSe QD film, 1-4 monolayers thick. A layer of
tris-(8-hydroxyquinoline) aluminum (Alq3) is evaporated onto the QD layer to act as the
electron transport layer (ETL) and then a Ca/Al negative electrode is evaporated onto the
structure in the same evaporation chamber without intermediate venting.
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(a)

(b)
Figure 5-1: (a) The structure of the QD-LED used in this study. (b) Band diagram of this
structure [56].
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The band diagram of the LED structure is shown in figure 5-1(b). It is important
to note that the ETL also needs to function as a hole-blocking layer in order to prevent
recombination in it. If the QD film is not mechanically coherent and offers incomplete
coverage, there will be current shunting between the ETL and the HTL bypassing the QD
layer. The band offset of the HOMO between poly-TPD and Alq3 is not large enough to
prevent holes recombining in the organic Alq3 layer. Evidence of carrier recombination
occurring in the ETL is presented in the results section of this study.

5.5 Patterning
The success of introducing mist deposition as an alternative to spin coating of thin
films depends on demonstrating the ease of being able to pattern the film during
deposition. Mechanical masks made of Kapton (a polyimide)

were used

for shadow-masking patterns during mist deposition experiments and LED device
fabrication. Each mask had a series of open strips 0.2 mm to 1 mm wide, with the
separation between strips being twice the strip width (see figure 5-2). Corresponding to
each strip width was a set of three masks, with their openings offset with respect to each
other, such that successive patterning using the three masks correctly aligned on the
substrate would give adjacent alternating stripes of three successive depositions.
Masks needed to carry out barcode deposition were designed and made out of 125
Two specific valid barcode patterns encoded using EAN-13 (Fig 5.2
(a)) and Code-39 (Fig 5.2 (b)) standards were created. In addition to barcode masks,
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mask-pairs with non-overlapping patterns aligned to each other at 45 degrees were also
ordered (Fig 5.2 (c, d)) to experiment with multi-color deposition.

5.6 Characterization Techniques
Various optical, electrical and surface characterization techniques were used in
this study. They are described in this section.

5.6.1 Atomic Force Microscopy
Atomic Force Microscopy was used to study and compare the film surface
roughness of mist deposited and spin coated samples. By varying deposition parameters
the mist deposited films were optimized for low surface roughness. A Digital Instruments
Dimension 3100 Atomic Force Microscope of Materials Characterization Laboratory
(MCL) at Penn State was used

2

.

5.6.2 Fluorescence Microscopy
A fluorescence microscope Olympus BX60 (digital scope) with color filters was
used to study the photoluminescence intensity of CdSe films. All images for comparative
analysis were captured at a fixed exposure time so that their relative intensities may be
compared. Raw, uncompressed images were saved and their average intensity and
standard deviation were calculated using MATLAB scripts. Images were also used to
calculate Line Edge Roughness (LER) of patterned depositions, as defined in section 5.7.
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(a)

(b)

(c)

(d)

Figure 5-2: Mask patterns laserencoding standards are (a) EAN-13, (b) Code 39, (c) and (d) non-overlapping patterns.
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5.6.3 Optical and Electrical Characterization
Electroluminescence measurements were performed on LED devices to determine
the current-voltage and luminescence-voltage characteristics using a Newport 1830-C
power meter with an 818SL silicon photo detector to determine the photometric
brightness. Spectral measurements were carried out using an Ocean Optics S2000 UVVIS spectrometer. These measurements were performed at the collaborating laboratory.

5.7 Calculation of Line Edge Roughness
Photoluminescence (PL) images captured using the fluorescence microscope were
analyzed to calculate the Line Edge Roughness, defined as:

LER

C

p( i )

p (i )

2

n

Where
C = Conversion factor for pixels to microns
p(i ) = Location of edge pixel in i th row
p(i ) = Location of edge pixel calculated using a first degree polynomial fit

Raw PL images were imported in MATLAB and their intensity distribution
histogram was calculated. From this information, the value of pixel intensity
corresponding to bright

dark transition was determined. The image was then re-plotted

as a 1-bit (bright/dark) image and the transition point was calculated for each row of the
image. This represented the implementation of an edge-determining algorithm to locate
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the edge of the patterned film. A first degree polynomial fit (line approximation) to the
edge was calculated using built-in MATLAB functions. Line Edge roughness was then
defined as the root mean square (RMS) difference between the actual edge and its straight
line approximation. The raw PL image, its intensity histogram and the resulting edge
along with its straight line approximation are plotted in figure 5-3.
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(a)

(b)

(c)
Figure 5-3: (a) Raw image used for edge determination. (b) Intensity distribution
histogram used for determining the edge pixel in each row. (c) Actual locations of edge
pixels and their straight line fit, used to determine LER.
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Chapter 6
Results and Discussion
In this chapter, the results obtained from investigations in the experimental work
involving mist deposition are presented and interpreted.

6.1 Study of film morphology
Atomic Force Microscopy was used to study the film surface roughness of mist
deposited QD films, in comparison with spin coated QD films. Figure 6-1 and table 6-1
show the comparison of film morphology in case of spin coated and 20 minute deposition
time mist deposited CdSe QD films. A comparison of RMS roughness of the film surface
(10.67 nm for spin vs. 2.95 nm for mist) and average thickness (72.57 nm for spin vs.
21.37 nm for mist) indicates that mist deposition is more controlled and superior
deposition technique for depositing ultrathin QD films. It is important to note that the
average film thickness of 21.37 nm for mist deposition corresponds to about
3 monolayers.
AFM studies were also carried out on 20 minute deposited green and red CdSe
QD films. The only difference between the QD films is the size of QDs – 4.5 nm for
green QDs and 6nm for red QDs. Histograms of the measured height at different points
on the AFM scan area for both green and red QD films are shown in figure 6-2. Analysis
shows that over 75% of the film area lies within 1-4 monolayer thickness.
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125.89 nm

0.00 nm

Figure 6-1: AFM scans showing surface morphology for spin coated (left) and mist
deposited (right) QD films.

Table 6-1: Comparison of film parameters of CdSe QD films deposited by spin coating
and mist deposition.
Spin-coated QD film

Mist deposited QD film

RMS
Roughness

10.67 nm

2.95 nm

Average
Height

72.57 nm

21.37 nm
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Figure 6-2: Histograms showing the height distribution across AFM scans for green
(above) and red (below) QD films for 20 minute deposition time. The area falling in the
1-4 monolayer thickness regimes is 76.14 % for the green QD film and 75.68 % for the
red QD film.
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The peak value for the green film thickness is at 10 nm and that for the red film is
at 13 nm, closely matching the difference in QD sizes for a 2 monolayer thick film. The
results of film thickness were corroborated using optical transmission experiments on the
QD films performed by a collaborating research group.

6.2 Photoluminescence study
To complement the study of film morphology, the photoluminescence of the QD
films was studied using a fluorescence microscope to determine how film aggregation
affects the emitted light intensity from the films. Figure 6-3 shows the distribution of
photoluminescence intensities of a spin-on film and a mist deposited film (15 minute
deposition). Both films were made from green CdSe quantum dots and the exposure time
for both images was 1.00 s. The corresponding histograms showing the distribution of
intensity across the image area indicate that the mist deposited film has a much tighter
distribution and hence more uniform emission intensity across the film when compared to
the spin coated film. This uniformity is evident from the 3-dimensional intensity plots of
the two images.
Figure 6-4(a) shows the magnified image of the edge of a red QD film deposited
on glass substrate. From the PL image, the sharp edge and uniform emission intensity can
be seen. Figure 6-4(b) shows the intensity profile across the width of the strip. The
sharpness of the edge can be quantified using the line edge roughness (LER) parameter.
This analysis is presented in section 6.10 in detail for various types of substrates.
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Figure 6-3: Histograms and 3-dimensional intensity plots for photoluminescence of spin
coated and mist deposited green CdSe QD films at 40x magnification under a
fluorescence microscope.
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(a)

(b)
Figure 6-4: (a) Fluorescence microscopy image (4x magnification) showing edge of the
film formed using mechanical mask during mist deposition (10 min) of green CdSe
quantum dots. (b): fluorescence intensity profile of (a) showing sharp edges and uniform
emission.
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The photoluminescence study, in combination with AFM scans, indicates that
film thickness uniformity and QD aggregation are a significant problem with spin coated
QD films, and that mist deposition offers significant advantages in film thickness control
and uniformity of emission intensity.

6.3 Electrical characterization of LED devices
In this part of the study, the electrical characteristics of the QD-LED devices were
studied and the device structure was optimized for performance. The current-voltage
(I-V) and luminescence (L-V) characteristics were studied, in addition to the emission
spectrum. Figure 6-5 shows a photograph of a tri-color QD-LED matrix fabricated for
this purpose. Figure 6-6 shows the L-V of the mist deposited tri-color quantum dot LED
arrays. The inset of figure 6-6 shows the current-voltage characteristics of the devices
which were all similar with the peak value of current density limited to 2.5A/cm2 by the
measuring circuit. The peak brightness for the red was 508 cd/m2, the yellow brightness
peaked to 665 cd/m2, and the green peaked to 507 cd/m2. Each device has a separate peak
brightness which is related to the electroluminescence of the quantum dot size, the
thickness of the emissive layer and optimized thicknesses of the carrier transport layers,
thus ensuring maximum recombination taking place within the emissive layer.
For this experiment, the optimized precursor solution concentrations were
0.16 OD for red and 0.25 OD for the green QD solutions. This was the first device made
with yellow QDs and 0.20 OD was chosen as the solution concentration. As can be seen
from the peak brightness values, the red and green devices were closely matched in
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intensity, the yellow device still needs optimization. In spite of this, the result
demonstrates that it is fairly easy to tune the intensities of the three color devices to
match each other. On the other hand, it should be equally easy to tune the intensities of
the three colors to best suit the relative photo-response of the human eye to various
wavelengths.
Figure 6-7 shows the normalized emission spectra of all three types of
devices. The peak emission for the red QDs is centered at 620 nm, the
yellow peak emission is at 587 nm, and the green peak emission is at 558 nm.
These values agree closely with the values provided by the QD manufacturer. The green
QD emission spectrum was obtained after subtracting the emission line originating from
the Alq3 electron transport layer (more explanation about this emission in sections 6.5
and 6.6). The normalized intensities show a weak Alq3 emission in the yellow peak which
could indicate the QD layer is too thin or mechanically incoherent.
The results of this experiment were published in Opto-Electronics Review [57].
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Figure 6-5: A three by three passively driven matrix consisting of green, yellow, and red
QDs. The surface defects indicate ripples in the poly-TPD layer from spin-coating and
slight changes in color are due to changes in the Alq3/poly-TPD emission. The electrical
characterization of these devices was performed at a collaborating laboratory.
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Figure 6-6: Plot of luminescence vs. voltage for red, yellow and green LEDs. For each
QD-LED color the luminescence increases to peak brightness before heat degrades
performance. Inset shows current density vs. voltage representative for all 3 devices.
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Figure 6-7: Normalized emission spectra for each QD-LED color.
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6.4 Deposition and Characterization of LED arrays
A monochromatic LED array was fabricated using 40 minute blanket mist
deposition of red QDs on a patterned ITO substrate and subsequent patterned deposition
of cathode metals. In this device, ZnO (inorganic) was used as the electron transport laver
to address concerns that Alq3 (organic) was susceptible to degradation. The array
consisted of 64 individual LED devices arranged in an 8x8 grid. A passive addressing
technique was used to light up one LED at a time. Each of the 64 LEDs was addressed
once in each frame, and the entire operation was repeated at 60 frames per second. The
individual LEDs featured a turn-on voltage of 12 V and peak luminescence over
8000 cd/m2 at 16 V. Figure 6-8(a) shows the layout of the 8x8 passively addressed LED
array, and figure 6-8(b) shows three frames of the display showing the letters “P S U”.
From the images in figure 6-8(b), it is clear that there is crosstalk between
adjacent devices, causing LEDs not addressed directly to emit light. The observed
crosstalk was higher in polymer based LED arrays as compared to the mist deposited QD
and ZnO based array. The crosstalk between adjacent devices is due to high reverse
leakage current of the LEDs, creating a current path to light-up all devices in the
corresponding row and column of the addressed device. The intensity of crosstalk
decreases in devices farther away from the addressed device. A detailed description and
explanation of these results may be found in [40]. The reverse leakage current problem
exists also due to the nature of the addressing mechanism. In case of active addressing
technique e.g. using thin film transistors, the crosstalk is expected to be eliminated.
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(a)

(b)
Figure 6-8: (a) Schematic showing addressing technique to power the 8x8 LED array. (b)
Three frames showing the letters “P S U” on the display.
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6.5 Substrate Roughness Effects
Over a series of experiments, the effect of surface roughness of the substrate on
the quality of deposited QD films was analyzed. The various substrates compared include
silicon, glass, glass planarized with PEDOT and poly-TPD (partial LED device structure)
and flexible PET substrate. For glass and PET, the surface roughness was measured prior
to film deposition; this was not needed in the case of silicon and planarized glass
substrates. The glass sample showed a starting RMS roughness of 2.12 nm and a film
roughness of 3.79 nm, whereas the PET sample showed a higher starting roughness of
9.41 nm and a corresponding film roughness of 19.63 nm. The initial roughness of silicon
and glass/PEDOT/poly-TPD samples was not measured because these samples were
expected to be polished and planarized respectively.
The effect of substrate variation on the mist deposition process can be studied by
comparing the surface roughness of the substrates before and after film deposition. Table
6-2 shows the surface roughness of various rigid and flexible substrates used in this study
before and after QD film deposition. It can be seen that the surface roughness of the QD
film is dependent on the roughness of the underlying substrate. This is not surprising
since mist deposition is expected to form a uniform coating of the film over the substrate,
much like conformal deposition. Strictly speaking, this is not conformal deposition
because the substrate does not have high aspect ratio patterned features, nevertheless, the
deposited film is expected to match the surface morphology, rather than planarize it.
An anomaly to this trend is observed in case of the glass/PEDOT/poly-TPD
sample. This sample structure is designed to match the initial substrate conditions of the
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LED device structure. It contains a planarizing layer to reduce the surface roughness prior
to film deposition. However, the measured roughness (10.87 nm) is higher as compared
to the film on a bare glass substrate. This case is an example of solvent-substrate
interaction. The poly-TPD layer is deposited by spin-coating from a solution in toluene
making it susceptible to dissolution during the mist deposition process, if not annealed
adequately [41, 42]. The hypothesis of solution damage was confirmed by looking at the
electroluminescence spectrum of an LED device (figure 6-9), which showed emission
from the organic layer in addition to the QD layer. The device had a 20 minute deposition
of red QDs, to ensure that a thick QD film would not create shunt paths between the ETL
and the HTL. In spite of the thick QD film, the observed emission from the organic layer
confirms that the mist deposition process damaged the underlying poly-TPD/PEDOT
structure. This also explains the high surface roughness of the QD film deposited on the
planarized glass samples.
An alternative explanation for this anomaly was tested by measuring the contact
angle of toluene on each of the substrates. However, toluene was found to completely wet
all substrates resulting in ~0° contact angles, which did not explain the variation in film
roughness.
The results of this work were presented at the Electronic Materials Conference,
2012 [59].

81

Table 6-2: RMS roughness of substrates and blanket deposited QD films on various
substrates.
Substrate

RMS roughness of
substrate
Polished
2.12 nm
Planarized
9.41 nm

Silicon
Glass
Glass/PEDOT:PSS/poly-TPD
PET

RMS roughness of QD
film
0.84 nm
3.79 nm
10.87 nm
19.63 nm
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Figure 6-9: Electroluminescence spectrum of red QD LED device showing emission from
the organic layer.
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6.6 Device Structure Modification
As seen in section 6.5, direct physical contact between the HTL and ETL due to
incomplete QD film in the device structure leads to emission from the ETL, bypassing
the QD layer. This occurrence can be explained from the band diagram of the device
structure, shown in figure 6-10(a) [56]. The close band alignment of the ETL and HTL
makes it possible for holes to be injected from the HTL into the ETL, where they
recombine with excess electrons and give rise to a fairly broad emission peak centered
around 480 nm, which is characteristic of Alq3 emission. Increasing the QD layer
thickness to prevent HTL-ETL contact is not an option due to extremely low carrier
mobility in CdSe quantum dots [53, 54].
This problem of undesired emission was solved by changing the ETL material
from Alq3 to ZnO nanoparticles. From the band diagram of the modified device (figure 610(b)) [58], it can be seen that the significantly high band mismatch between the HTL
and the new ETL prevents injection of holes. In this way, the ETL also acts as an
effective hole blocking layer, preventing recombination outside the QD layer. The
emission spectra of devices with Alq3 and ZnO are shown in figure 6-10(c) and figure 610(d) respectively. It can be seen that the undesirable emission peak from the Alq3 ETL
has been eliminated in the ZnO ETL.
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Figure 6-10: Band diagrams of LED device structures using (a) Alq3 and (b) ZnO
nanoparticles as the ETL respectively, and (c) and (d) their corresponding emission
spectra.
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6.7 Tool modification – Effect of introducing solvent bubbler
Although very smooth films of high-k dielectrics and photoresist had been
deposited in the past, the non-uniform brightness and degradation of LED performance
due to localized heating at the junction indicated that the QD films suffered from
agglomerations and island formation. It was believed that a rapid evaporation of the
solvent led to aggregation of QDs in the film. To test this hypothesis, a solvent bubbler
was introduced, which supplied excess solvent vapor to the deposition chamber. The
same carrier gas was bubbled through a bubbler filled with toluene to carry excess
toluene vapors into the chamber, thus reducing the evaporation rate of the mist droplets
inside the chamber. A series of deposition runs were carried out varying the bubbler gas
flow rate, bubbler temperature and deposition time. A reference sample was also
deposited with no introduction of excess solvent vapor.
The various process parameters set for this experiment are listed in Table 6-3.
Figure 6-11 shows the profile plots obtained from fluorescence microscopy images taken
at 1.00 second exposure time for all samples. Fluorescence microscopy studies carried
out at 4x magnification indicated an average intensity of 588 a.u. and a standard deviation
of 39 a.u. for the sample with bubbler temperature 50°C and carrier gas flow rate
0.2 slpm. In comparison, for the reference sample with no bubbler operation, the average
intensity was 592 a.u. with a standard deviation of 66 a.u. The RMS roughness of the QD
film improved to 1.95 nm against 3.02 nm for the reference sample. The increase in film
thickness from 9.77 nm to 13.04 nm is believed to be due to reduced loss of QDs by
evaporation of mist droplets. Thus, the addition of a solvent bubbler to the deposition tool
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considerably improved the film uniformity as judged from fluorescence intensity and
AFM characterization. A corresponding qualitative improvement was seen in the actual
fabricated LEDs.
The results from this experiment are summarized in Table 6-4. It can be seen that
change in bubbler temperature does not cause any change in film emission or surface
morphology. This is believed to be due to the carrier gas being saturated with toluene
even at 50°C (vapor pressure = 100 mmHg). Hence, an increase in toluene temperature to
80°C (vapor pressure = 300 mmHg) causes no change in film quality. On the other hand,
an increase in carrier gas flow rate from 0.2 liter/min to 0.5 liter/min negatively affects
the film thickness and surface roughness. This can be attributed to the disturbance to the
steady state mist flow caused by the bubbled gas. The mist flow rate is 9 liter/min with an
effective flow velocity of 1.2 cm/s (see Chapter 4 for discussion). The lower flow rate of
the bubbler is not enough to significantly affect the mist flow, whereas the higher flow
rate of the bubbler impedes the mist flow lowering the deposition rate.
Figure 6-12 shows the effect of deposition time on film thickness and emission
intensity, which is included in the study for the sake of completeness. As is characteristic
of all mist deposited films, the film thickness varies linearly with deposition time. The
emission intensity was found not to scale exactly with film thickness. This is because in
case of thicker films, the entire film thickness does not absorb the UV excitation and
contribute towards visible light emission.
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Table 6-3: Description of samples used in the mist tool modification study.
Sample
G1
G2
G3
G4
G5
G6

Bubbler Temp.
(°C)
OFF
50
80
80
50
50

Flow rate
(liter/min)
OFF
0.2
0.2
0.5
0.2
0.2

Deposition
Time (min)
15
15
15
15
10
20

G1

G2

G3

G4

G5

G6

Figure 6-11: Intensity profile plots of samples from the mist tool modification study.
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Table 6-4: Emission intensity, thickness and roughness of samples used in the mist tool
modification study.

G1
G2
G3
G4
G5
G6

Avg. Intensity
(a.u.)
592
578
588
478
548
751

Std. Deviation
(a.u.)
66
39
39
29
29
58

Avg. Thickness
(nm)
9.77
13.04
13.76
9.43
7.54
21.38

Film Thickness (nm)

30

RMS Roughness
(nm)
3.02
1.95
1.99
2.39
2.30
2.95
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5
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200

Intensity
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0
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Sample

0
0

5
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15

20

25

Deposition Time (min)
Figure 6-12: Variation in QD film thickness and emission intensity as a function of
deposition time.
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6.8 Patterning experiments
A series of experiments was carried out to study the patternability of closely
spaced tri-color films. This would be the first step towards producing an RGB LED
display. The first attempt at patterning tri-color patterns used a single mask with three
strips. Two of the strips were covered and a film of QDs was deposited through a single
strip during each deposition. The PL images under UV excitation are shown in
figure 6-13(a). Although a single mask was used, the process of covering the openings
caused lateral shifting of the mask. The maximum angular rotation between adjacent
stripes was recorded to be 3°, which is unacceptably high. The linear error over large
distances and potential overlap of pixels made this method of patterning unsuitable.
The next attempt at multi-color patterning involved using a set of three masks,
making use of the mask design to produce closely packed films. The separation between
the mask openings was designed to be two times the width of the openings. When aligned
properly, the three masks would expose adjacent non-overlapping regions on the
substrate, thus allowing a repeating pattern of densely packed alternating three-color
stripes to be deposited. In order to deposit patterned tri-color films, it was only necessary
to align each mask separately to a set of pre-defined alignment marks on the substrate.
These alignments were performed using a micro-manipulator placed under a microscope.
Although a high pattern density was achieved, the lack of dedicated alignment equipment
meant that angular errors were again high between adjacent stripes.
In the third attempt, a single mask was moved laterally on the substrate using two
micro-manipulators operating simultaneously to cover the deposited films and expose the

89

adjacent regions on the substrate for subsequent deposition. The mask was moved to
align the edge of the opening to the film deposited in the prior run. Care was taken to
move both micro-manipulators over equal distance, thus avoiding any rotation of the
mask. Due to the alignment procedure, the angular error was reduced to a great extent.
However, the narrowing of films deposited through the mask (see Chapter 7 for detailed
discussion) caused non-uniform spacing between adjacent stripes
Closely spaced stripes of red, orange and blue dye were deposited using this
technique. After the first deposition, the mask was moved one stripe distance to the left
for the second deposition, and one stripe distance again to the left of the second stripe for
the third deposition. As the spacing between the mask openings was equal to two stripes,
the three-stage patterning technique generated extremely dense packing of the three color
stripes (see figure 6-13(b)). The stripe widths used were 1 mm, 500 micron and 200
micron. By measuring the separation between the stripes at the top and bottom, the
angular rotation of the mask during movement was calculated with respect to the first
stripe. The angular error was 0.0123° and 0.152° for the 500 micron mask and 0.03° and
0.104 ° for the 200 micron mask.
Results from the patterning experiments indicate the suitability of mist deposition
to form high density patterned films, with resolution as fin
currently limited by the resolution of the mask, which in turn depends on the mechanical
stability of the finer mask patterns. In comparison, the resolution of the human eye is 175
meter [60].
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(a)

(b)
Figure 6-13: (a) First attempt at depositing triClosely
packed blue, red and orange stripes of organic dye. Width of each stripe is 1 mm.
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6.9 Barcode pattern depositions on paper substrates
In this experiment, the feasibility of depositing barcode patterns on paper
substrates was investigated from the point of view of anti-counterfeiting, security and
labeling applications. As photographs in figure 6-14 demonstrate, high-contrast patterns
featuring uniform photoluminescence, which reflects uniformity of the film, were
obtained, proving feasibility of the proposed pattern mist deposition technique in barcode
printing applications.
The effect of deposition time on film intensity was studied in the next experiment.
Deposition times of 3 min, 5 min, 10 min and 15 min were used. Figure 6-15 shows the
emission brightness intensity of the QD films as a function of deposition time for
different paper substrates with and without a protective laminate. The intensity scales
almost linearly with the deposition time. This linear variation is similar to film thickness
results obtained from earlier studies [32]. Linear variation suggests that deposition time is
a very powerful parameter for controlling the emission intensity. As seen in figure 6-15,
the brightness is higher for the laminated films compared to the non-laminated films. This
is attributed to the scattering of incident UV light through the plastic laminate, with
incident light diffusing over a wider spot, exciting the QDs and contributing to the
measured emission.
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(a)

(b)

(c)
Figure 6-14: Barcode-like patterns deposited using mist deposition on (a) glass and (b)
glossy paper. (c) Barcode pattern deposited using orange (605 nm) CQD ink on cotton
paper as per EAN-13 encoding.
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Figure 6-15: Emission intensity of QD films deposited as a function of deposition time.
(a) Comparison of non-laminated films on various paper substrates. (b) Comparison of
laminated and non-laminated films on cotton paper.
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6.10 Line Edge Roughness calculations
Line edge roughness (LER) is an important parameter in determining the quality
of deposited patterns. It represents minute variations in pattern width at different
locations on the sample. The technique used to calculate LER has been explained in
section 5.7. Figure 6-16 shows the minimum and maximum line edge roughness
calculated from multiple microscope images at different locations for all substrate types.
-laminated) samples represents the
accuracy of the mask pattern transfer during the mist deposition process. Higher values of
LER are observed in laminated samples. This is a limitation of the lamination process
which was carried out manually. Minute air bubbles were trapped during the taping
process, which lead to scattering of incident and emitted light, causing increased LER to
be measured.

6.11 Emission spectra from QD films on paper substrates
The emission spectra of orange (605 nm) QD films from various substrates are
plotted in Figure 6-17. The excitation source was a laser of wavelength 405 nm and its
corresponding spectral peak can be clearly seen in the plots. The comparison of laminated
and non-laminated samples shows no change in spectral composition of emitted light
indicating that the laminate does not affect the emission spectrum of the film, nor does
have its own emission components. The peak emission wavelength of the film is
unchanged across various substrates. Thus, the emission spectrum of the QD film is
independent of the substrate type and presence of laminate. However, it is observed that
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printer paper (which is chemically processed for “bright white” appearance) has its own
emission components, which corrupt the total emission spectrum, requiring special
optical filters in the analyzing equipment (barcode readers) when, used with NQD ink.
This also limits the range of possible wavelengths of the NQD ink. The emission from
printer paper was filtered using optical filters for fluorescence microscope images used in
intensity analysis.

6.12 Time degradation of emission intensity
The stability of the emission intensity of the QD films was studied over a period
of time. The samples were divided into two groups, one of which was laminated to
protect the film. Both groups were stored in plastic wafer-holders at room temperature, in
a fume hood, but otherwise exposed to ambient air and daylight. The laminated samples
show negligible degradation in intensity measured over several weeks under the same
measurement setup. On the other hand, the non-laminated samples show a steady decline
in the intensity of emitted light (figure 6-18). The degradation in the intensity of emission
for NQD films exposed to air is believed to be the result of oxidation of the CdSe core, as
suggested by [61].
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Figure 6-16: Dependence of Line Edge Roughness on the type of the substrate: (A) glass,
(B) printer paper, and (C) glossy paper
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Figure 6-17: PL emission spectra of orange QD films on various substrates
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Figure 6-18: Degradation of emission intensity of QD films on various substrates. Note
almost no degradation in the case of laminated films (dashed lines) as compared to nonlaminated samples (solid lines).
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Chapter 7
Discussion on Pattern Transfer
This discussion draws from both multi-physics simulations and experimental
results; hence it is presented in a separate chapter.
Through experimental findings, it has been observed that the pattern transfer
process through square mask openings does not produce perfectly square mist deposited
films. Figure 7-1 shows the CdSe QD film formed through a square mask. The film
produces a distinct astroid shape, with acute-angled corners and inward bowing along the
sides.

7.1 Explanation from literature
A possible mechanism for such pattern transfer was suggested by [34], in which
the bowing was thought to be film contraction as the solvent evaporates. It was claimed
that the solvent evaporates at a faster rate from the sides as compared to the corners. A
four step process was suggested, as shown in figure 7-2, which includes (a) start of
deposition (b) evaporation at the sidewalls (c) corners released and (d) final shape. This
explanation seems sufficient for CdSe QDs/toluene films on rigid substrates, where the
solvent evaporation time is longer than the time needed for the film to rearrange under
effects of surface tension, which pulls the solvent inwards, causing the bowing.
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Figure 7-1: Astroid shape of CdSe QD film formed by deposition through a perfectly
square mask opening [34].
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Figure 7-2: Schematic of the pattern shape change process of mist deposited CdSe NQD
films (a) start of deposition (b) evaporation starts at the sidewalls (c) corners are released
and (d) final shape [34]
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However, this behavior of bowing was also observed on CdSe QD/toluene films
deposited on paper substrates. The absorption of solvent by the substrate is believed to be
faster than the evaporation time of coalesced solvent film. In addition, the high surface
roughness of the substrate would prevent the thin solvent film from contracting under
surface tension due to contact line pinning [52]. The combined effect of substrate
absorption and high roughness would prevent the above mechanism from occurring on
paper substrates.
Hence, it can be concluded that patterns seen on paper substrates represent asdeposited films, rather than subsequent rearrangement. It was observed that patterned
films on paper substrates also produced distortions and bowing along the sides. The
conclusion is that the side-wall bowing is a result of the pattern transfer mechanism rather
than subsequent film rearrangement. This suggests that electric field distortion effects
near the mask are involved.

7.2 Hypothesis
In the mist deposition process, the charged mist droplets are deposited under the
action of an electric field. The two most significant forces acting on the droplets are
electric field (downward) and viscous drag (upward). Under the action of these
competing forces, the velocity achieved by the droplets is quite low as compared to
inertial spray deposition. Due to sub-micron size and low velocity, the particle deposition
trajectory is susceptible to lateral deflection in the presence of horizontal electrical fields.
Such horizontal electrical fields exist near the mask openings, due to change in dielectric
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constant of material (nitrogen vs. Kapton). Since Kapton has a higher dielectric constant
( r = 3.4), the electrical field will be directed outward.
The inward bowing of the patterns cannot be directly explained by the outward
directed electrical field as the drops cross the mask opening. It can, however, be
explained if the electrical lines of force were directed inwards after the droplets crossed
the mask opening. This requires the presence of an air gap between the mask and the
substrate. Photographic evidence of the existence of this condition is presented in figure
7-3. Results discussed in this chapter support this hypothesis.

7.3 MultiPhysics simulation of electric field
The localized distortion in electric field near the mask opening was discussed by
[34], but did not account for the actual flow of charged mist particles including the
presence of viscous drag force. This aspect was added in the present study using the
Particle Tracing Module in COMSOL. Figure 7-4 shows the distribution of electric
potential (a) in the mist deposition chamber and (b) near the mask opening. In Figure 74(a), at 0.1 mm above the mask, the electric field is assumed to have no component in the
X-Y plane i.e.it is directed downwards only. Under this assumption, figure 7-4(b) is
generated which shows the distortion in the electric field due to the change in the
dielectric constant of the material of the Kapton mask ( r = 3.4). In the presence of this
distorted electric field, the motion of mist droplets is traced, with particle mass of 7x10 -18
-18

C

(from [29]). Figure 7-5 shows the particle tracing plot of one set of particles released at a
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height 0.3 mm above the substrate, and 0.01 mm inside the mask sidewall. It can be seen
that the distorted electric field affects particles differently at the corners as compared to
the center. Some particle trajectories, particularly at the center cross the mask sidewall.
Clearly, this indicates that these particles will not deposit on the substrate.
A filtering script was written in MATLAB to determine the validity of the particle
for deposition depending on whether its trajectory exceeded mask dimensions. A
superposition of valid particles from multiple data sets represents the deposited pattern.
In the first case, the mask is assumed to be completely in contact with the substrate
(figure 7-6(a)). Figure 7-6(b) shows the correctly deposited particles through a square
mask opening 0.4 mm on each side. The result shows an exact pattern transfer between
the mask and the film. Due to absence of air gap between mask and substrate, there is no
inward-directed electric field which causes bowing. Although some mist droplets deposit
on the side-walls of the mask, other mist droplets further inside the opening are directed
towards the walls, filling up the entire mask opening. Hence, the film pattern shows an
exact square.
Experimental observations indicated that the pattern bowing following a dye
deposition through identical mask patterns from two deposition runs was different. As
other deposition parameters remained the same, the variation is determined to be the
result of the air gap between the mask and the substrate formed due to deformation of the
thin and flexible Kapton mask. The particle tracing simulation was repeated with a
-6(c)). The new results show the
same kind of astroid film shapes as observed in experimental results. From figure 7-6(d),
the corner-to-corner distance is 0.386 mm and the bowing of the side is 19.5
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as compared to the mask outline. These values are dependent on the air gap between the
mask and the substrate.

7.4 Circular patterns
It can be logically reasoned that since a circular mask opening has no sharp
corners, the resulting pattern should also be circular. The question remains whether there
will be a reduction in the radius of the patterned film as compared to the radius of the
mask opening – analogous to the bowing of the sides in a square patter. Simulation
results plotted in figure 7-7 show a reduction in radius of 32
of 0.2

through a mask opening

The shape of the pattern is an undistorted circle,

thus validating the claim that the pattern change is caused by electric field effects.

7.5 Narrowing of striped patterns
Just as circular patterns are expected to show a narrowing in radius without
change in pattern, long striped patterns should show a reduction in pattern width. This
was verified by comparing experimental and simulated pattern narrowing in 200
striped depositions (figure 7-8).
one side, which is equal to the narrowing of the circular pattern. In case of square
patterns, the bowing is less because the side of the square is not large enough to be free of
further electric field distortion coming from the corner. The striped simulation considers
that the strip is very long compared to the width, hence end point distortions are not
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considered. From the experimental image, the width of the three stripes totals 270 µm in
a tri-

during evaporation, as suggested by [34].
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Mask
Air gap

Glass substrate

Figure 7-3: Photographic evidence of air gap between mask and substrate.
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(a)

(b)

Figure 7-4: MultiPhysics simulation showing distribution of electric potential (a) in the
mist deposition chamber and (b) near the mask opening.
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Figure 7-5: Particle tracing plot of one set of particles released at a height 0.3 mm above
the substrate, and 0.013 mm inside the mask sidewall. Note how particles near the center
cross the sidewall while particles near the corners are correctly deposited inside the mask
opening.
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(a)

(c)

(b)

(d)

Figure 7-6: (a) Simulation domain in which mask is in complete contact with the
substrate, and (b) its deposition pattern. (c) Simulation domain in which the mask has an
ern formed
due to presence of air gap matches experimentally observed results shown in figure 7-1.

111

Figure 7-7: Simulated film patterns deposited through a circular mask opening of 0.2 mm
radius.
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Mask

Air gap

(a)

(b)
Figure 7-8: (a) Simulated (vertical cross section of mask with particle trajectories) and (b)
experimental (narrowing of stripes) evidence of stripe width narrowing due to electric
field effects.
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Chapter 8
Summary

This study investigates the formation of semiconductor quantum dot (QD) thin
films formed by mist deposition process, with emphasis on patterning techniques. The
applications currently being investigated include red, green and blue LEDs and integrated
displays. The results obtained in this part of the study indicate the feasibility of QD-LED
displays being manufactured by mist deposition; however, this process needs to be
optimized further in order to compete with spin coating and inkjet printing. An integrated
3-color matrix has been demonstrated. Future work will involve improvements in
patterning techniques to obtain a better packing density of the illuminated pixels.
Concurrently, improvements in the device structure are proposed to achieve better color
purity.
Using the same process of mist deposition of CdSe quantum dots, a new
application is investigated, involving photo-luminescent quantum dots as security/anticounterfeiting labels and bar codes. In this project, this technique is compared with
conventional ones in terms of precision, manufacturability, versatility in terms of
substrate compatibility and printed pattern stability, against time and cost.
A mathematical cum multi-physics model is established to rigorously explain
various principles involved in the mist deposition process. The success of the mist
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deposition process to form uniform ultra-thin films has always been attributed to the submicron size of mist droplets. The simulation study conclusively establishes this result.
Experimental and simulation results have shown an inexact pattern transfer
between the shadow mask and the substrate. It has been proved that this is the result of an
air gap between the mask and the substrate. This problem can be fixed in two ways, by
introducing a method to secure the mask such that it is in complete contact with the
substrate, or by modifying the shape of the mask pattern to account for electric field
effects. The second method is analogous to reticle enhancement techniques used in
modern optical lithography. An easier method would be to use single use masks made of
commercially available sticky Kapton tape using laser cutting of patterns.

115

References

[1] M. A. Reed, (1993). "Quantum Dots," Scientific American, vol. 268, p. 118.
[2] J. Cox, (September 2003). "A Quantum Paintbox," Chemistry World.
[3] G. I. Koleilat, L. Levina, H. Shukla, S. H. Myrskog, S. Hinds, A. G. Pattantyus-Abraham, and
E. H. Sargent, (2008). "Efficient, stable infrared photovoltaics based on solution-cast colloidal
quantum dots". ACS Nano 2(5), p. 840.
[4] W.A. Tisdale, K.J. Williams, B.A. Timp, D.J. Norris, E.S. Aydil, and X.-Y. Zhu, (2010).
"Hot-Electron Transfer from Semiconductor Nanocrystals ". Science 328 (5985), p. 1543.
[5] C. B. Murray, C. R. Kagan, and M. G. Bawendi, (2000)." Synthesis and Characterization of
Monodisperse Nanocrystals and Close-Packed Nanocrystal Assemblies ". Annu. Rev. Mater. Sci.
30(1), p. 545.
[6] D.J. Norris, and M.G. Bawendi, (1996). "Measurement and assignment of the size-dependent
optical spectrum in CdSe quantum dots". Phys. Rev. B 53(24), p. 16338.
[7] J. Zhao, J. A. Bardecker, A. M. Munro, M. S. Liu, Y. Niu, I. -. Ding, J. Luo, B. Chen, A. K. -.
Jen, and D. S. Ginger, (2006). "Efficient CdSe/CdS quantum dot light-emitting diodes using a
thermally polymerized hole transport layer". Nano Lett., 6(3), p. 463.
[8] L. Qian, Y. Zheng, J. Xue and P.H. Holloway (2011), "Stable and efficient quantum-dot lightemitting diodes based on solution-processed multilayer structures", Nature Photonics 5, p.543
[9] R. Jose, Z. Zhelev, R. Bakalova, Y. Baba, and M. Ishikawa, (2006). "White-light-emitting
CdSe quantum dots synthesized at room temperature". Appl. Phys. Lett. 89(1), p. 013115.
[10] Z. T. Kang, B. Arnold, C. J. Summers, and B. K. Wagner, (2006). "Synthesis of silicon
quantum dot buried SiO x films with controlled luminescent properties for solid-state lighting,"
Nanotechnology, vol. 17, p. 4477.
[11] L.E. Brus, (1986)." Electronic Wave Functions in Semiconductor Clusters: Experiment and
Theory". J. Phys. Chem. 90, p. 2555.
[12] W. William Yu, Lianhua Qu, Wenzhuo Guo, and Xiaogang Peng, (2003). Chem. Mater.
15(14), pp 2854.
[13] C. Cheng, and H. Yan, (2009). "Bandgap of the core–shell CdSe/ZnS nanocrystal within the
temperature range 300–373 K", Physica E 41(5), p. 828.

116
[14] B. O. Dabbousi, J. Rodriguez-Viejo, F. V. Mikulec, J. R. Heine, H. Mattoussi, R. Ober, K. F.
Jensen, and M. G. Bawendi, (1997)." (CdSe)ZnS Core
Characterization of a Size Series of Highly Luminescent Nanocrystallites", J. Phys. Chem. B 101
(46), p. 9463.
[15] M.A. Hines, and P. Guyot-Sionnest, (1996). "Synthesis and Characterization of Strongly
Luminescing ZnS-Capped CdSe Nanocrystals", J. Phys. Chem. 100 (2), p. 468.
[16] C.B. Murray, D.J. Norris, and M.G. Bawendi, (1993). "Synthesis and characterization of
nearly monodisperse CdE (E = sulfur, selenium, tellurium) semiconductor nanocrystallites".
Journal of the American Chemical Society 115 (19), p. 8706.
[17] Boatman, E., G. Lisensky, and K. Nordell, (2005). "A Safer, Easier, Faster Synthesis for
CdSe Quantum Dot Nanocrystals". Journal of Chemical Education 82, p. 1697
[18] L. W. Schwartz, and R. V. Roy, (2004). "Theoretical and numerical results for spin coating
of viscous liquids". Phys. Fluids 16(3), p. 569.
[19] W. J. Daughton, and F. L. Givens, (1982). "An Investigation of the Thickness Variation of
Spun-On Thin Films Commonly Associated with the Semiconductor Industry". J. Electrochem.
Soc., 129, p. 173.
[20] J. A. Moriarty, L. W. Schwartz, and E. O. Tuck, (1989). "Spin Coating: One Dimensional
Model". J. Appl. Phys. 66, p. 5185.
[21] A. G. Emslie, F. T. Bonner, and L. G. Peck, (1958). "Flow of a Viscous Liquid on a Rotating
Disk", J. Appl. Phys. 29, p. 5.
[22] J.A. Britten and I.M. Thomas, (1992). "Non-Newtonian flow effects during spin coating
large-area optical coatings with colloidal suspensions". J. Appl. Phys. 71, p. 972.
[23] G. Carcano, M. Ceriani, and F. Soglio, (1993). "Spin Coating with High Viscosity
Photoresist on Square Substrates". Hybrid Circuits 32, p. 12
[24] H.P. Le, (1998). "Progress and Trends in Ink-jet Printing Technology". Journal of Imaging
Science and Technology 42(1), p. 49.
[25] Fujufilm Dimatix Materials Printer DMP-2800 - Brochure
http://www.fujifilmusa.com/shared/bin/DMP-2831_Brochure.pdf
Accessed 19 July 2012.
[26] V. Wood, M.J. Panzer, J. Chen, M.S. Bradley, J.E. Halpert, M.G. Bawendi, and V.
(2009). "Inkjet-Printed Quantum Dot–Polymer Composites for Full-Color AC-Driven Displays".
Adv. Mater. 21(21), p. 2151.
[27] H. M. Haverinen, R. A. Myllyla and G. E. Jabbour. (2009), "Inkjet printing of light emitting
quantum dots". Appl. Phys. Lett. 94(7), p. 073108.

117
[28] Results of this experiment were showcased in the Pittsburgh Technology Council's
Pittsburgh TeQ 18(4), p. 22.
[29] M. D. Brubaker, "Thin Film Growth by Aerosol Deposition of Chemical Solutions," in
"Chemical Solution Deposition of Functional Oxide Thin Films". Pub. Springer.
[30] D. O. Lee, P. Roman, C. Wu, P. Mumbauer, M. Brubaker, R. Grant, and J. Ruzyllo, (2002).
"Mist deposited high-k dielectrics for next generation MOS gates". Solid-State Electronics
46(11), p. 1671.
[31] K. Shanmugasundaram, S.C. Price, W. Li, H. Jiang, Q. Wang, and J. Ruzyllo, (2008). "Mist
Deposition of Organic Semiconductors for Light Emitting Diodes". ECS Trans. 11(25), p.73
[32] W. J. Mahoney III, P. Roman, P. Mumbauer, and J. Ruzyllo, (2004). "Mist deposition of thin
photoresist films". Proc. SPIE 5376(1), p. 861.
[33] B. C. Bunker, P. C. Rieke, B. J. Tarasevich, A. A. Campbell, G. E. Fryxell, G. L. Graff, L.
Song, J. Liu, J. W. Virden, and G. L. McVay, (1994). "Ceramic thin-film formation on
functionalized interfaces through biomimetic processing". Science 264(5155), p. 48.
[34] K. Shanmugasundaram, "A study of the mist deposition and patterning of liquid precursor
thin films," Doctoral Dissertation, Penn State University, 2008.
[35] T. Nishikawa, and T. Mitani, (2003). "A new approach to molecular devices using SAMs,
LSMCD and cat-CVD". Science and Technology of Advanced Materials (1), p. 81.
[36] T. Zhu, K. Shanmugasundaram, S. C. Price, J. Ruzyllo, F. Zhang, J. Xu, S. E. Mohney, Q.
Zhang, and A. Y. Wang, (2008). "Mist fabrication of light emitting diodes with colloidal
nanocrystal quantum dots". Appl. Phys. Lett. 92(2), p. 023111.
[37] K. Sridhara, "Characterization of MOS capacitor gate oxide embedded with silicon quantum
dots," Masters Thesis, Penn State University, 2009.
[38] S. C. Price, K. Shanmugasundaram, S. Ramani, T. Zhu, F. Zhang, J. Xu, S. E. Mohney, Q.
Zhang, A. Kshirsagar, and J. Ruzyllo, (2009). "Studies of mist deposition for the formation of
quantum dot CdSe films". Semiconductor Science and Technology 24(10), p. 105024.
[39] W. Li, R. Jones, S. Allen, J. Heikenfeld, and A. Steckl, (2006). "Maximizing Alq3 OLED
Internal and External Efficiencies: Charge Balanced Device Structure and Color Conversion
Outcoupling Lenses," J. Display Technol. 2(2), p.143.
[40] S. Pickering, “The Fabrication and Analysis of Quantum Dot Thin Film Light Emitting
diodes for use in Displays Technologies," Doctoral Dissertation, Penn State University, 2011.
[41] A. Laaperi, (2012). "OLED lifetime issues from a mobile-phone-industry point of view",
Journal of the Society for Information Display 16(11), p. 1125.

118
[42] B.S. Mashford, T-L. Nguyen, G.J. Wilson, and P. Mulvaney, (2010). "All-inorganic
quantum-dot light-emitting devices formed via low-cost, wet-chemical processing", J. Mater.
Chem.20, p. 167.
[43] K. Shanmugasundaram, S. C. Price, K. Chang, D.O. Lee, and J. Ruzyllo (2006), " Mist
Deposition for TFT Technology", ECS Transactions 3 (8), p. 255.
[44] E. Barbera-Guillem. (2003), "Fluorescent ink compositions comprising functionalized
fluorescent nanocrystals", Patent number: US 6576155.
[45] A. Kshirsagar, Z. Jiang, S. Pickering, J. Xu, and J. Ruzyllo (2012); "Formation of PhotoLuminescent Patterns on Paper Using Nanocrystalline Quantum Dot Ink and Mist Deposition".
ECS Transactions, 45(5), p. 147.
[46] Crow, E. L. and Shimizu, K. (Ed.) (1988), "Lognormal Distributions: Theory and
Applications". Pub. New York: Dekker.
[47] L. P. Bayvel and Z. Orzechowski (1993), "Liquid Atomization". Pub. Taylor & Francis US.
[48] A. Lefebvre (1988), "Atomization and Sprays". Pub. CRC Press.
[49] Primaxx Inc. Technical Literature.
[50] H. Y. Erbil, G. McHale and M. I. Newton, (2002). "Drop evaporation on solid surfaces:
Constant contact angle mode". Langmuir 18(7), p. 2636.
[51] R. G. Picknett, and R. Bexon, (1977). "The evaporation of sessile or pendant drops in still
air", J. Colloid Interface Sci. 61(2), p. 336.
[52] S. Maenosono, C. D. Dushkin, S. Saita, and Y. Yamaguchi, (1999). "Growth of a
semiconductor nanoparticle ring during the drying of a suspension droplet", Langmuir 15(4), p.
957.
[53] D. S. Ginger and N. C. Greenham, (2000). "Charge injection and transport in films of CdSe
nanocrystals", J. Appl. Phys. 87, p. 1361.
[54] J.N. De Freitas , L. Korala , L. X. Reynolds , S. A. Haque , S.L. Brock and A.F. Nogueira,
(2012). "Connecting the (quantum) dots: towards hybrid photovoltaic devices based on
chalcogenide gels", Phys. Chem. Chem. Phys. 14, p. 15180.

[55] B. W. Crouse and G. H. Snow, (1981). "Fluorescent Whitening Agents in the Paper Industry.
Their Chemistry and Measurement", TAPPI J. 64(7), p. 87.
[56] S. Coe-Sullivan, J.S. Steckel, L. Kim, M.G. Bawendi and V. Bulovic, (2005). "Method for
fabrication of saturated RGB quantum dot light-emitting devices", Proc. SPIE 5739, p. 108.

119
[57] S. Pickering, A. Kshirsagar, J. Ruzyllo, and J. Xu, (2012). "Patterned Mist Deposition of TriColor CdSe/ZnS Quantum Dot Thin Films toward RGB LED Devices". Opto-Electron. Rev.
20(2), p. 148 .
[58] C.-F. Lin, C.-Y. Lee, W.-B. Lu, W.-F. Su, and Y.Y. Hui, (2007). " Electroluminescence from
nanoparticles/organic composites". 7th IEEE Conference on Nanotechnology, p.858.
[59] A. Kshirsagar, Z. Jiang, S. Pickering, J. Xu, and J. Ruzyllo, (2012). "Mist Deposition of
Nano-crystalline Quantum Dot Films on Diverse Substrates", presented at the 54th Electronic
Materials Conference, University Park, PA
[60] J.C. Russ, (2006). "The Image Processing Handbook". Pub. CRC Press (Fifth Edition, 2007,
p. 94)
[61] K. Pechstedt, T. Whittle, J. Baumberg, and T. Melvin, (2010). "Photoluminescence of
Colloidal CdSe/ZnS Quantum Dots: The Critical Effect of Water Molecules". J. Phys. Chem. C
114, p. 12069

Vita
Aditya Kshirsagar
Degrees:
Bachelor of Engineering (Electronics and Telecommunications), May 2008,
Maharashtra Institute of Technology, University of Pune, Pune, India
Ph.D. (Electrical Engineering), December 2012,
The Pennsylvania State University, University Park, Pennsylvania
Publications
A. Kshirsagar, Z. Jiang, S. Pickering, J. Xu, and J. Ruzyllo; “Formation of Photo-Luminescent Patterns
on Paper Using Nanocrystalline Quantum Dot Ink and Mist Deposition”,
ECS Transactions, 45(5), 147 (2012)
S. Pickering, A. Kshirsagar, J. Ruzyllo, and J. Xu; “Patterned Mist Deposition of Tri-Color CdSe/ZnS
Quantum Dot Thin Films toward RGB LED Devices”, Opto-Electron. Rev., 20(2), 148 (2012)
A. Kshirsagar, S. Pickering, J. Xu, and J. Ruzyllo; “Light Emitting Diodes Formed Using Mist Deposition
of Colloidal Solution of CdSe Nanocrystalline Quantum Dots”, ECS Transactions, 35(18), 71 (2011)
P.J. Drummond, D. Bhatia, A. Kshirsagar, S. Ramani, and J. Ruzyllo; “Studies of photoconductance
decay method for characterization of near-surface electrical properties of semiconductors”
Thin Solid Films, 519(22), 7621 (2011)
P. Drummond, A. Kshirsagar, J. Ruzyllo; “Characterization of near-surface electrical properties of multicrystalline silicon wafers”, Solid-State Electronics, 55(1), 29 (2011)
S.C. Price, K. Shanmugasundaram, S. Ramani, T. Zhu, F. Zhang, J. Xu, S.E. Mohney, Q. Zhang, A.
Kshirsagar and J. Ruzyllo; “Studies of mist deposition for the formation of quantum dot CdSe films”,
Semicond. Sci. Technol. 24(10), 105024 (2009)
Conference Presentations
“Mist Deposition of Nano-crystalline Quantum Dot Films on Diverse Substrates”
54th Electronic Materials Conference, University Park, PA (2012)
“Light Emitting Diodes Formed Using Mist Deposition of Colloidal Solution of CdSe Nanocrystalline
Quantum Dots”
219th Electrochemical Society Meeting, Montreal, Canada (2011)
“Application of Mist Deposition Process in the Formation of Semiconductor Quantum Nanodot Films”
51st Electronic Materials Conference, University Park, PA (2009)
Awards
National Talent Search (NTS) Scholarship, National Council of Educational Research and Training
(NCERT), Govt. of India

