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ABSTRACT
This study explores surface engineering for the purpose of selective deposition of
cadmium selenide (CdSe) nanocrystalline quantum dot (NQD) thin films using the process
of mist deposition. Surfaces of silicon and/or glass substrates were made uniformly
hydrophobic by exposure to trichloro (1H,1H,2H,2H-perfluorooctyl) silane (FOTS)
anhydrous hexane solution. Subsequent localized UV exposure increased surface energy
making it locally hydrophilic, and thus, allowing area selective deposition of NQD film.
Electric field involved in the mist deposition process was shown to alter process selectivity
through the electrowetting effect. The role of IR rapid optical surface treatment (ROST) in
controlling surface energy of FOTS material was explored. Findings of this study will
allow area selective mist deposition of the variety of NQD precursors in the form of
colloidal solution.
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Chapter 1
Introduction
The nanocrystalline quantum dot (NQD) films show good promise in the number
of applications in both electronic and photonic devices. The main objective of NQDs in
photonic devices is the use of NQD films in display manufacturing [1] including LEDs on
flexible substrate [2]. In order to create a functional device the NQD film must be patterned
accordingly. Considering fragility of NQD films the use of conventional photolithographic
processes that follow blanket film deposition is not feasible in this case. Hence, alternative
approaches in which pattern is created during or before NQD film deposition must be
explored. An example of the former was demonstrated earlier using mechanical masks
during mist deposition of nanocrystalline quantum dot (NQD) films to create fluorescing
bar code patterns on paper and other substrates [3].

The goal of this study was to investigate feasibility of the approach in which the
desired pattern is generated before mist deposition by surface functionalization instead of
the use of mechanical masks during deposition. With this approach, desired pattern can be
created through the bottom-up process by properly functionalizing SAM material prior to
NQD film formation by mist deposition.

2

In Chapter 2, the theory behind this study is introduced along with the research
methodologies. Standard thin film deposition techniques are reviewed. Chapter 3 gives the
motivation and objectives of this study. The experimental procedures employed are
discussed in Chapter 4. Chapter 5 contains the results along with discussion and Chapter 6
summarizes this study.

3

Chapter 2
Background

2.1 Thin film deposition methods with liquid precursor

In the methods of Physical Liquid Deposition (PLD), the material to be deposited
is dispensed in the liquid precursors which serve to transfer the material to the substrate,
usually followed by the evaporation of the precursors as well as solidification of material
by thermal treatment, resulting in the formation of thin films. Different methods of PLD
are distinguished based on how the precursors are brought to the substrate. Many of those
techniques have been in practice and served important roles in the semiconductor industry
for decades. This section reviews some of the common methods that are being used widely
to produce thin films.

2.1.1 Spin coating

Spin Coating is a technique used for thin film deposition for decades, and also much
widely applied in photoresist deposition in semiconductor manufacturing. Typically, a
small puddle of material is deposited onto the center of a substrate loaded on a machine
called the spinner and secured by vacuum. High speed of rotation is applied on the substrate
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through the spinner, causing centripetal force to spread the material from center to the edge
of the substrate. While most of the material would be spun off, certain amount of it would
be left on the substrate, forming a uniform thin film of material on the surface as the rotation
continues. The illustration of standard spin coating process steps are shown in Fig 2-1. The
final thickness of the film is determined by the nature of deposited material and substrate
along with the parameter chosen for the spin process such as final spin speed, acceleration
and spin time. Generally the higher the angular speed of spinning, the thinner the thin film
would be coated. For typical photoresist coating of about 1 µm thick, 1500 to 6000 rpm of
spin speed and 10-60 seconds of spin time is applied depending on the properties of the
fluid as well as the substrate.

Spin coating features simplicity and relatively high

throughput. Although spin coating is a very mature technique, this process faces certain
drawbacks. It has difficulty to achieve large uniform thin films as the substrate diameter
approaches 300 mm, as well as the substrates with features build on. It is also
disadvantageous creating uniform thin films on noncircular substrates due to the nonuniformity of centripetal forces at different points on the substrate. Extremely thin and
uniform films with complete coverage cannot be obtained easily by spin coating. The most
severe limitation of spin coating is the inability to pattern the films without involving
lithographic techniques, which limits its application. Spin coating implies non-selective
coverage of the entire substrate by fairly uniform film. Traditionally, these films are then
patterned by photolithography, and this approach is incompatible with certain materials
like quantum dot, which is not able to stand by any stripping process involving acidic
chemicals. This limitation essentially leads to the main goal that this study aims to achieve.

5

Figure 2-1: illustration of standard spin coating process steps [27].
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2.1.2 Spray coating

Spray coating is a technique for preparing thin film that has being researched and
used for several decades. Compared to many other film deposition methods, spray
pyrolysis is relatively cost-effective and also practically simple. It does not require highquality substrates or chemicals. And it is essentially available for film deposition of any
sort of chemical composition. Typical equipment of spray coating consists of: spray
nozzle, atomizer, precursor solution, and carrier gas (Fig 2-2). In the spray deposition
process, a precursor solution is pulverized into micron sized drops by means of a carrier
gas or by atomization of certain kind (ultrasonic, air blast, or electrostatic). The droplets
that come out of the atomizer would be accelerated to the substrate surface through the
nozzle by help of the carrier gas that is controlled and regulated as wanted. Relative motion
between the spray nozzle and the substrate is defined by design for the purpose of full
coverage on the substrate. Thin films are formed as the nozzle scans across the substrate.
The substrate holder is often designed to rotate at low angular velocity during deposition
to minimize the influence of centrifugal force meanwhile to lessen coating defects. Quality
of the film depends on the controlling parameters such as the spray velocity, source to
substrate distance, flow rate and spot size. Spray coating reduces the amount of material
wasted and allows for high throughput. Flexibility of the coating topography is also
achievable. But the uniformity and the control over thickness of the film are limited by the
nature of the spray cone that’s formed as the solution flux out of the spray nozzle. More
material is deposited at the center of the spot. Although other parameters can be controlled
accurately, the size distribution of the droplets is selective but also variable.

7

Figure 2-2: Schematic setup for spray coating [28].
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2.1.3 Dip coating

Dip coating is conceptually the simplest process of thin film coating. The process
consists of immersing substrates into a reservoir of liquid material to be coated, and
withdrawing the substrate in a well-controlled manner. Thin films are fabricated by Selfassembly and the sol-gel technique. Self-assembly is the process where components
assemble spontaneously by bouncing around in a solution or gas phase until reaching a
stable structure of minimum energy. It can give film thickness of exactly one monolayer.
The sol-gel technique is a widely used deposition method in material science to create film
of precisely controlled thickness determined mainly by the deposition speed and solution
viscosity.
Many factors contribute to determining the final state of a dip coated film. The
functionalization of the initial substrate surface, submersion time, withdrawal speed,
number of dipping cycles, solution composition, concentration and temperature, number
of solutions in each dipping sequence and environment humidity, all of above have to be
considered and well controlled to fabricate various films. Dip coating of self-assembly
method is used in this study to fulfill the need of surface functionalization. The illustration
of dip coating technique is shown in Fig 2-3. Fig 2-4 shows how the film are formed using
dip-coating.
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Figure 2-3: Schematic steps of the dip-coating process [29].

Figure 2-4: Illustration of film formation in the dip-coating process [29].
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2.1.4 Inject printing

Inkjet printing is a physical liquid deposition is commonly used for everyday data
printing on all sorts of papers. In electrical engineering, it has been demonstrated in many
areas such as polymer LED devices, organic transistors, etc. The basic principle of inkjet
printing technology is the deposition of ink droplets produced by electromechanically
induced pressure waves. The drop-on-demand inkjet printing includes a piezoelectric
material that generates pressures pulses as applied with voltage pulses. An ink drop as
small as 20-100 µm is produced when a volumetric change of fluid induced by the voltage
generated pulse. Fig 2-5 shows the basic schematic of inkjet printing technology.
Several material properties of the ink, such as the viscosity, surface tension and
vapor pressure, have to be considered when performing inkjet printing. Low viscosity is
required for the sake of dispensing ink drops rapidly, high surface tension prevents the ink
from dripping out uncontrollably, and the apt vapor pressure of the ink that only dries once
deposited on the substrate instead of drying too early and clog the nozzle. Inkjet printing
is simple and fast, also does not require masks for patterning. But it’s been challenging for
inkjet printing to produce defect-free material layers, also to wet substrates with low
surface energy, such as plastics. Inkjet printing has been recently used for the deposition
of CdSe layer for the purpose of fabricating CdSe-based QD LEDs [7], and also the major
technique that competes with mist deposition, which will be discussed later in the chapter.

11

(a)

(b)

Figure 2-5: Schematic of (a) continuous charge and deflect inkjet printing and (b) drop on
demand inkjet printing [30].
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2.1.5 Limitations of above deposition techniques

In previous sections several common thin film deposition techniques were
discussed. Although each of them has their advantages in certain applications, they all have
some inherent limitations that is worth mentioning. For spin coating and dip coating,
thickness control of deposited thin film at the monolayer level over large area substrates is
very challenging. Apart from inkjet printing, surface patterning with regards to those
deposition methods requires top-down processes which essentially are unsuitable for
materials that couldn’t survive the usual stripping processes. This significantly limits the
possibility of applications with a lot of novel materials. Complex precursor chemistries are
often required to optimize the result of these techniques, leading to more challenging and
limitations for the availability of materials.

2.2 Mist deposition

Mist deposition is a physical liquid deposition that deposit liquid precursors by
converting the liquid solvent into fine misty droplets and applying high electric field at the
substrate, forcing droplets to reach the surface. Fig 2-6(a) shows a simple setup of mist
deposition. The solution including liquid precursor and the material to be deposited is
drained into the atomizer by a local low pressure generated by nitrogen flow. The liquid
solvent is converted into fine droplets by impacting with the mass impactors inside the
atomizer as shown in Fig 2-6(b). After hitting the impactor, droplets are separated
according to size. Larger droplets settle down in the chamber while smaller droplets are
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carried into subsequent chambers for the next impact. Eventually fine droplets are carried
out of the atomizer and into the deposition chamber through the shower head. Electric field
as high as 0-10 kilovolt is applied between the substrate and the field screen, forcing
droplets down onto the wafer. Wafers are loaded on the substrate holder which consists of
three pins that serve as electrodes and can rotate at will to enhance the quality of deposition.
The final size of the droplets that come out of the atomizer varies with the viscosity
and concentration of the solvent. In this study droplet size is 0.25 microns. Droplets at this
size is too light to settle on the substrate on their own. It is believed that the droplets become
charged at the point of mist generation, due to sheering forces occurring as the droplets are
separated from the bulk liquid. Generally, there are equal amount of positive and the
negative charged droplets so that the total mist remain neutral. Basic operational
parameters such as the pressure of nitrogen, flow rate of the solvent, and electric field are
optimized according to the concentration and viscosity of the liquid solvent.
Mist deposition method theoretically can be used to deposit a wide range of
materials. By connecting multiple atomizers to the deposition system it is fairly easy to
change the depositing material. Mist deposition features a fine controllability over
deposition thickness at monolayers which is beyond comparison by spin coating or inkjet
printing. More importantly, mist deposition is perfectly compatible of selective deposition
without lithography etching process, which allows many possibilities of patterning
materials that don’t survive the traditional top-down process. Nonetheless, there are a few
drawbacks of mist deposition. Over 70% of the material go to waste during the deposition
process. It is rather time consuming when deposition of larger thickness is attempted.

14

(a)

(b)
mass impactors

mist carried to
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N2
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gas

liquid
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Figure 2-6: (a) Mist deposition setup with carrier gas, liquid source, atomizer and the
deposition chamber. (b) Internal structure of atomizer [31].
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2.3 Patterning of mist deposited thin films

The methodologies of patterning of wafers with mist deposition are categorized
and discussed in the following sections.

2.3.1 Patterning using mechanical masks during deposition
Due to the nature of process, mist deposition is essentially compatible of patterning
the materials during deposition. Patterning of thin films can be implemented by either
depositing through a mechanical mask, or by deposition on the substrate surface that has
been locally modified so that the material is only deposited on chosen areas. Fig 2-7 shows
a schematic of masked mist deposition. Selective deposition features self-alignment of
material with desired areas which have different surface condition than that of undesired
areas. This method allows thin film to be patterned without traditional lithography that
includes etching process. Fig 2-8 shows the patterned NQD deposited using masked
selective mist deposition.

2.3.2 Selective deposition by substrate material selection

Local surface energy difference can be achieved by presenting different materials
on the surface. It has been shown in previous report that selective deposition of Strontium
Bismuth Tantalate (SBT) film was successfully implemented with the surface energy
difference between SiO2 and Si surfaces (Fig 2-9) [8,9].
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Figure 2-7: (a)-(c) Schematic of masked mist deposition [8].
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(a)

(b)

Figure 2-8: NQDs (a) deposited using masked mist deposition on glass. (b) Barcode
pattern deposited using orange (605 nm) CQD ink on cotton paper [31].
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Figure 2-9: Patterned SBT films deposited using substrate selected mist deposition [8].
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2.3.3 Selective deposition based on surface functionalization

The principle of selective deposition is based on the controlled local changes of
surface energy with surface functionalization. Fig 2-10 shows the illustration of the entire
process of selective mist deposition. A degree of surface coverage with colloidal solution
containing NQDs depends on the surface condition (Fig 2-11) established through
dedicated surface treatments. The surface energy of the desired depositing area is modified
by treatments that change chemical characteristics and affect the interaction between
precursor and the surface, which is the core of this study.

Self-Assembled Monolayer (SAM) material can be used to create areas of different
surface energy. This method has been demonstrated to selectively deposit SBT films by
Takakuwa et al. [10]. Another work was done by Nishikawa et al. to demonstrate selective
mist deposition of Pt nanoparticles [11]. Fig 2-12 shows the previous work of patterned
SBT films deposited by selective deposition based on surface functionalization.
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Figure 2-10: (a)-(d) Schematic of selective deposition based on the difference of surface
energy [8].
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Figure 2-11: Area selective mist deposition controlled by difference in surface energy of
the substrate.
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Figure 2-12: Patterned SBT films deposited using selective deposition based on surface
functionalization [8].
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2.4 Contact angle

Contact angle is an angle that forms in a liquid droplet when it’s in contact with a
solid surface. The angle shows the relation of adhesion between the liquid and the solid.
This method is depicted by couple equations which were developed by Thomas Young two
centuries ago [12]. Here’s Young’s equations for finite angles:
𝛾𝑆 = 𝛾𝑆𝐿 + 𝛾𝐿 cos Θ

(1)

𝑊𝑆𝐿 = 𝛾𝐿 (1 + cos Θ)

(2)

where 𝛾𝑆 , 𝛾𝐿 , and 𝛾𝑆𝐿 are the interface energies of the solid-gas, liquid-gas and solid-liquid
interfaces as shown in Fig 2-13. 𝑊𝑆𝐿 is the work of adhesion or the work required to
separate the liquid from the solid. Θ is the contact angle measured in the liquid. These the
equations are basically describing that a contact angle occurs when the adhesion is less
than the self-cohesion of the liquid. The larger the angle, the smaller the adhesion between
liquid and solid. The angle is zero when the adhesion is equal to or great than the selfcohesion

of

the

liquid.

This

study

uses

contact

angle

to

determine

hydrophobicity/hydrophilicity of the surface. Larger contact angle indicates smaller
surface energy therefore a more hydrophobic surface, while smaller contact angle
represents higher surface energy and a more hydrophilic surface.

The contact angle measured in this study was made using the half angle method, by
measuring the height (h) and the radius (r) of the droplet and using the equation below:
ℎ

Θ = 2 × tan−1 (𝑟 )

(3)
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Figure 2-13: Schematic of contact angle of a liquid droplet on a solid [13].
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2.5 Lamp illumination surface treatment

Lamp illumination has been shown to effectively control the surface organic
contamination. In this study Rapid Optical Surface Treatment (ROST) is the chosen
method that produces heat and light by a halogen lamp to volatilize and remove organic
contaminants. It has been reported that ROST method is effective on removing silicon
surface organic contaminants [14]. The schematic of ROST system setup is shown in Fig
2-14. The ROST process enables the removal of charges associated with adsorbed ions and
molecules on the surface of p-type silicon wafers. Fig 2-15 shows the evolution of silicon
surface due to interaction with ambient and ROST surface conditioning. (1)-(3) shows the
idealized clean surface with positive charges terminating the last atomic layer in the case
of bare crystalline silicon. Contaminants of other species from the ambient are adsorbed on
the abruptly terminated surface along with a thin layer of native oxide. In long time storage,
a double layer will form due to the interaction of the oxidized surface with the ambient
during the oxide formation as well as the spreading of positive charges associated with the
terminating crystal. In (4) and (5), the Lamp treatment is introduced with high intensity
light directed onto the wafer surface, generating a high density of free charges and heat on
the surface. The temperature of the surface has to be raised to certain degree required to
evaporate volatile species adsorbed on the surface. Non-volatile ions and molecules whose
bonding to the surface is weakened by the high energy can also be carried away with the
volatile species. This cleaning method has been demonstrated to fresh aged Si wafer
surfaces (Fig 2-16) [15,17]. However, ROST is not able to remove heavy organics from
long time storage, which limits its ability to reverse aging Si wafers.
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Figure 2-14: Schematic of ROST setup [16].
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Figure 2-15: (1)-(3) Change of surface makeup of Si wafer during long time storage. (4)(5) Effect of ROST on long stored Si wafer [16].
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Figure 2-16: Change of contact angle of Si surface as a function of ROST exposure time
for wafers (a) directly out of the freshly opened shipping box and (b) stored in the
frequently opened shipping box for 10 months.
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2.6 Nanocrystal quantum dots

This section discusses the major material used in this study. Semiconductor
nanocrystal quantum dots (NQDs) have been used in the making of LED devices due to
their excellent photonic properties. The name quantum dot came from the physical
characteristics of the material when its excitons are confined in all dimensions such that
quantum phenomenon occurs. When the physical dimensions of a semiconductor material
are confined to less than a Bohr radius, the conduction and valence bands of the material
separate into discrete energy levels which form the bandgap of the quantum dot. This
separation of the energy levels essentially depend on the confinement of the dot. The
smaller size of a confinement for the dot, the larger the bandgap is. This tunable property
allows the fabrication of quantum dots with desired bandgap by changing the size of them.
Fig 2-17 shows how the bandgap varies with respect to the size of the CdSe dots, which is
the major material investigated in this study. Other properties such as high luminescence
efficiency, chemical stability, and inherent inorganic qualities also have brought attentions
to the quantum dots [18-23].
CdSe NQDs are usually fabricated with a core/shell structure. Fig 2-18 (a) shows
the illustration of CdSe quantum dots and its core/shell structure. ZnS, ZnSe, and CdS are
common materials used to be coated as the shell, which results in significant improvement
in luminous efficiency of the NQDs [24]. Fig 2-18 (b) shows the band structure of
CdSe/ZnS NQDs. It’s been reported that the shell with higher band gap significantly
improves the photoluminescence quantum yield [26].
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Figure 2-17: Bandgap variation of CdSe NQDs with respect to radius [17].
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Figure 2-18: (a) Structure of CdSe and CdSe/ZnS NQDs. (b) Band diagram of CdSe/ZnS
NQDs [25].
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2.7 Electrowetting effect

The electrowetting effect has been considered playing a significant role in this study
due to the presence of charged droplets as well as high electric field during mist deposition.
The behavior of electrowetting was first introduced in the late 19 century, later described
as the electrowetting theory by 1980s, and has become a very widely used tool for
manipulating liquids of tiny amount on surfaces. The major application of electrowetting
includes adjustable lenses, lab-on-a chip devices, electronic displays, and switches for
optical fibers. The principle of electrowetting is about the change of contact angle of liquid
droplets on surfaces due to applied electric field between the solid and the droplet. Fig 219 shows the generic schematic of an electrowetting setting. The liquid electrolyte droplet
that is partially wetting the planar solid substrates is the situation of consideration. Without
the presence of external forces, surface energy dominates the behavior of the droplet. When
external electric filed is applied, the charges within the droplet tends to accumulate at the
interface of solid-liquid interface, essentially pulling the droplet from the inside, leading to
the decreasing of contact angle. Therefore with the help of external electric field, droplets
that contains charges may be forced to wet surfaces with low surface energy. It was shown
that the saturation of the decreasing of contact angle will occur at certain applied electric
potential that varies with material [32]. It is noted that the droplets consist of liquids of
high polarity may show a contrary behavior under high electric field [33].
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Figure 2-19: Generic setting of elecrtowetting.
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Chapter 3
Motivation and Objectives
Semiconductor nanocrystalline quantum dots, due to their superior optical and
electrical properties, have gained significant attentions in the recent years. Physical Liquid
Deposition (PLD) techniques using colloidal solution of nano dots suspended in organic
solvent are the most common techniques used to form NQD films. Thickness control as
well as the requirement of lithography to pattern the thin film are the major limitations for
most of the PLD techniques. Among PLD methods, mist deposition offers superior
thickness control and allows selective deposition for thin film patterning, which makes it
very promising in NQDs thin films formation. The motivation behind this study is to
understand the mechanics of selective mist deposition and explore the possibility of
depositing and patterning CdSe NQD thin films on various substrates.

The objective of this study is to establish a process to selectively deposit CdSe
NQDs on desired substrates. As discussed earlier, quantum dot films can be irreparably
damaged during traditional lithographic processes. Therefore alternative patterning
methods need to be developed. This study focuses on area selective deposition, where the
deposited material selectively aggregates on functionalized areas on the substrates. To
achieve this, suitable solvents and functionalizing techniques along with patterning
methods that are compatible with each other and with the mist deposition process have to
be developed.
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Chapter 4
Experimental Procedure
This chapter describes the processing steps and techniques used in this study.

4.1 Principle of selective deposition in this study
The principle of selective deposition is based on the controlled local changes of
surface energy of FOTS material. Fig 4-1 shows the schematic of the entire process steps
of selective mist deposition of NQDs in this study. The wafer is uniformly coated with
Trichloro (1H,1H,2H,2H-perfluorooctyl) silane (FOTS) by means of dip-coating. Areas of
the surface with different contact angles – high and low surface energies – are made with
UV exposure over shadow masks. During mist deposition, droplets of liquid precursor tend
to accumulate on the surface with higher surface energy, therefore forming uniform thin
films on the desired pattern that’s been defined before.

4.2 Liquid precursors preparation
The semiconductor quantum dot used in this study was CdSe/ZnS core-shell
quantum dots with 620 nm luminescence wavelength manufactured by Evident
technologies. Toluene (>99.5%, Sigma Aldrich) was chosen to be the precursor solvent
due to its excellent compatibility with mist deposition as well as the NQD. The CdSe NQDs
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Figure 4-1: (1)-(5) Schematic of the process of selective mist deposition of NQDs.
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were suspended in toluene with very high concentration sealed in the container before
opening. The liquid precursor solution was prepared by diluting CdSe NQDs with toluene
at the volume concentration of 0.00025 %, which yielded 0.16 in terms of optical density
(OD). The optical density was measured by an absorption spectrometer, and is given by
the equation: 𝐷 = −log10(𝑇) = − log10 (𝐼 ⁄𝐼0 ), where T is the transmittance, I is the
intensity of the transmitted light beam, and is the intensity of the incident light beam. 20
minutes of ultrasonication was carried to homogenize the solution.

4.3 Deposition tool preparation
Mist deposition was used to perform selective thin film formation of NQDs. The
deposition tool was supplied by Primaxx Inc., Allentown, PA. The parameters used in all
depositions, including the nitrogen pressure, applied electric field, and the flow rate of the
precursor, were obtained and optimized from past experiences and kept the same through
the study unless noted otherwise. The flow rate of the liquid precursor was kept at 1ml/min.
The electric field applied during deposition was maintained at 800 V/cm, for all
depositions. The pressure of Nitrogen carrier gas was set at 60 psi. Time of deposition was
also maintained at 15 minutes for all the experiments.

4.4 Contact angle measurement
Contact angle measurement (Tantec Cam-Wafer II Contact Angle Meter) was used
in between each procedures to monitor the change of substrate surface condition. Toluene
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was used to measuring contact angles since it’s also used as the base of precursor solution.
Several experiments were also carried using contact angle measurement to have better
understanding of the change of surface energy with respect to various treatments, and
eventually develop the best procedure for selective mist deposition.

4.5 Substrates preparation
Surfaces of substrates used in this experiment, including Si, SiO2 wafers and
laboratory glass, were first degreased with acetone and then 2-propanol at 50 °C for 10
minutes each, followed by rinsing in deionized water. Trichloro (1H,1H,2H,2Hperfluorooctyl) silane (FOTS) ,97% , purchased from Sigma Aldrich was used to
functionalize the substrate surface. At the initial phase of this study, the samples were
coated with FOTS by dipping in 10 mM FOTS anhydrous hexane (95%, Sigma Aldrich)
solution for an hour. An experiment was done for seeking the relation between surface
energy and dipping time as well as the concentration of the solution. In the later phase of
the study, 1 mM FOTS solution was used for dip-coating. The dipping time which was
optimized by tests varies with the substrate material. Typically 1 minute for SiO2 wafers,
2 minutes for p-type Si wafers, and 5 minutes for microscopic slides. After being removed
from the FOTS solution, substrates were rinsed with anhydrous hexane, and blown dry
with compressed air.
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4.6 Patterning

Metal (stainless steel) shadow masks were used under UV exposure to pattern the
substrates with FOTS films. Due to the nature of FOTS films, the chemical bonds at the
surface break when shined with intense UV of certain wavelength. Therefore the
wettability of the surface can be locally changed. Masks were attached on the substrate
surface, and substrates were secured on the sample holder and loaded into the exposure
chamber. The UV exposure (UV ozone reactor PR-100, UVC Inc.) was carried out in
ambient atmosphere at room temperature using low-pressure mercury lamp featuring
intense 185 and 254 nm wavelengths. Experiment was done to optimize exposure time and
efficiency. All patterned samples were exposed for an hour unless indicated otherwise. Fig
4-2 shows the surface chemical makeup of FOTS film before and after UV exposure. It is
noted that contact printing lithography was tested but was not applicable for this study
because the diffusion of surface chemical makeup is blocked by the mask.

4.7 Surface treatment with lamp illumination
Rapid Optical Surface Treatment (ROST) tool from QC solutions Inc. was found
to have significant effect in the study. Series of experiments were carried targeting the
effect of ROST on surface contact angle and selectivity of mist deposition. ROST was used
as a process step either before or after the UV exposure in this study. 300 Celsius for 30
seconds of ROST was used universally unless noted.
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(a)

(b)

Figure 4-2: Schematic of FOTS coated surface chemical makeup (a) before UV and (b)
after UV exposure.
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4.8 NQD film characterization
Optical microscopy was used to observe the patterned films of NQDs. Photos of
deposited films were captured with a Sony DFW-X700 digital camera attached to a Zeiss
optical microscope. All pictures were taken in the bright field mode at 20X magnification,
and were of 1280 x 1024 pixel or 600 X 450 µm per image. Fluorescent microscopy was
also used to examine the deposited films due to the fluorescent nature of CdSe NQDs.
Photos were captured with the DCC1645C digital camera attached to a Nikon 10x
microscope objective lens. UV Laser beam used as the light source was produced by the
Teem Photonics Q-switched diode pumped solid state355nm laser STV-01E-150 with
pulse width < 1ns, average power < 15mW.
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Chapter 5
Results and Discussion

5.1 Characterization of surface condition of prepared substrates
It was found that regardless of the substrate used, the surface coated with FOTS
SAM material displays well-defined hydrophobic characteristics for both water (about 110o
in contact angle) and toluene (about 60o). List 5-1 shows the contact angle measured for
various substrates coated with FOTS. The hydrophobic nature of FOTS surface was not
affected by exposure to strongly oxidizing solutions such as H2SO4:H2O2. On the other
hand, UV exposure of FOTS SAM resulted in the conversion of its surface from
hydrophobic (~60o) to hydrophilic (~7o) as shown in Fig 5-1. The plots in Fig 5-1 also
indicate the same wetting behavior for toluene only and colloidal solution with
nanocrystalline quantum dots suspended in toluene. From Fig 5-1 we had also picked 60
minutes as the efficient time of exposure.

The decrease of contact angle with UV exposure time was found to be weakly
dependent on the content of oxygen in the ambient by a test with purging nitrogen gas into
the exposure chamber, and hence, it was deemed to be controlled primarily by the UV
promoted partial decomposition of FOTS during which the fluorine containing groups were
removed from its surface, displaying uniformly hydrophilic properties.
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Substrate surface Contact angle before FOTS Contact angle after FOTS
Silicon
1-10
60-70
Silicon dioxide
1-10
60-70
Microscopic
1-10
60-70
slide
Glossy paper
1-10
55-65
Kapton sheet
1-5
50-60

List 5-1: Toluene contact angle of various substrate measured before and after surface
functionalized by FOTS

44

70

Contact Angle (degree)

60

Toluene

50

Quantum dots in toluene

40
30
20
10
0
0

15
30
45
60
75
90
Time of UV Exposure (minutes)

105

Figure 5-1: Toluene contact angle on FOTS surface as a function of time of exposure to
UV light.
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An experiment was done to find the efficiency of UV exposure on various substrate
functionalized with FOTS. As shown in Fig 5-2, silicon surface has the most drop in contact
angle as the exposure time increases. It seemed to require more energy for glass substrate
and glossy paper to change the chemical makeup at the surface.

5.2 Preliminary results
Fig 5-3(a) shows the deposited film on non-patterned surface. Very different result
was obtained from the samples in which FOTS film was selectively exposed to UV prior
to NQD deposition, as shown in Fig 5-3(b). While not finely delineated, still, the pattern in
NQD coverage reflecting contours of the mask used during UV exposure is clearly seen on
the surface. The darker sections in Fig 5-3(b) represent higher density of the
nanocrystalline quantum dots on the surface and correspond to the parts of the surface,
which was masked during UV exposure, and hence, should remain hydrophobic. At the
same time, lower concentration of NQDs is observed on the parts of the surface, which
should display hydrophilic properties resulting from UV exposure and as such should
promote surface wetting by the colloidal solution containing nanodots. Fig 5-4 is the photo
of selective deposition captured by fluorescent microscopy. The brighter parts of the image
represent higher density of the deposited NQDs.
The case of “reversed” selectivity (enhanced coverage with NQDs of hydrophobic,
low surface energy parts of the substrate and incomplete coverage of the hydrophilic parts)
observed in Fig. 5-3(b) can be explained by the presence of electric field used during mist
deposition process to control deposition rate. This field is used to interact with the droplets
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Figure 5-2: Toluene contact angle with respect to UV exposure time for various substrates,
including Glass, Si wafer, and glossy paper.
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(a)

(b)

Figure 5-3: Microscope pictures of NQDs covered wafers without (a) and with (b) predeposition UV exposure through the mechanical mask.
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Figure 5-4: Fluorescent microscopic pictures of NQDs covered wafers with pre-deposition
UV exposure through the mechanical mask.
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forming mist that are electrically charged by the shearing force during atomization of the
colloidal solution and directing them toward the substrate. Under those conditions,
modification of the wetting properties of the surface toward undesired increased wettability
of hydrophobic surfaces occurs. Electrowetting effect is believed to be behind what was
observed due to the presence of high electric field during deposition. This effect essentially
compromised the selectivity of the deposition by reducing the repelling force from the areas
that was hydrophobic. Although the exact influence remains uncertain, it is also deduced
that the electric field during the deposition affected the UV-exposed areas differently than
it did to non-exposed areas, and eventually reversed the selectivity as expected.

Mechanical (shadow) masks used in this study to expose FOTS were designed
assuming that the mist deposited NQD colloidal solution would cover hydrophilic parts of
FOTS surface, i.e. those exposed to UV light during mask illumination, while in the
hydrophobic parts solution would be repelled. With the reversed selectivity resulting from
the presence of electric field during deposition, the exact opposite was observed here
rendering masks used incompatible with other steps that would follow or precede NQD
film formation in the device fabrication sequence. Hence, an attempt to reverse undesired
effect of electrowetting on the deposition kinetics had to be made. Another reason to
undertake this effort was related to the unsatisfactory selectivity of the deposition process
resulting in low contrast of the image obtained (see Fig 5-3). In order to overcome this
problem, a series of additional experiments aimed at the reversal of selectivity observed in
this study was undertaken.
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5.3 Effect of lamp illumination surface treatment
It is believed that after the decomposition caused by UV, the FOTS monolayer
terminates with -OH groups making surface hydrophilic [4,6]. Removal of OH termination
of the FOTS material and returning it the hydrophobic condition, should be possible
through the adequately applied rapid thermal process. Rapid Optical Surface Treatment
(ROST) was introduced and investigated in this study. Fig 5-5 shows the results of the
temperature and time of the ROST on the contact angle of the FOTS surface after UV
exposure. As seen in the plot a treat to FOTS surface after UV exposure at the temperature
of 300oC alters its surface energy and converts it from hydrophilic to hydrophobic. The
time of treatment was shown not valid to the outcome in the experiment.

Fig 5-4 shows the outcome of the process in which UV exposure was followed prior
to NQD deposition by 30 seconds 300oC anneal in ambient air. Same as in Fig 5-3, high
density of CdSe quantum dots deposited on the surface is represented in Fig 5-6 by darker
areas. Except that in the latter case the selectivity acts in the right direction, i.e. NQD film
is selectively deposited in the areas where it should be deposited based on the geometry of
shadow masks used. In short, inclusion of the rapid anneal into the sequence before mist
deposition overrides the effect of undesired in this case electrowetting effect.
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Figure 5-5: Contact angle of FOTS as a function of temperature of ROST.
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Figure 5-6: Microscopic photos of NQDs deposited wafers with ROST treatment after UV
exposure and followed by NQDs deposition.
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5.4 Revision of process steps

More efforts were made in the light of improving the process steps as well as the
selectivity of deposited films. An experiment was done to find the relationship of FOTS
dipping time and the resulting contact angle. Fig-5-7 shows that, no matter of what
concentration the FOTS solution was used, it took 1 minute for SiO2 substrate and 2
minutes for Si substrate to be effectively functionalized. Same experiment was done for
microscopic slides, yielding 5 minutes as the effective dipping time. As a result the time
listed above has become the standard time for surface functionalization from this point.

With the change of the FOTS dipping time, the effect of ROST had been
reinvestigated. Fig 5-8 shows that, compared to substrates functionalized for 1 hour, the
ROST treatment after UV exposure no longer have the same effectiveness on increasing
the contact angle of substrates with new functionalization time. Consequently, the
deposition outcome observed in section 5-3 that the occurrence of ROST after UV exposure
and followed by mist deposition overriding possibly electrowetting effect was also no
longer seen.

Another angle of the usage of ROST was also examined as we put the ROST step
prior to UV exposure. Although no sign of changes in contact angle were observed between
the process steps, the resulting deposited film has revealed a better contrast and quality in
terms of selectivity. In Fig 5-9 (a) and Fig 5-10 (a)(c), images of better contrast or showing
sharper outline of the pattern are observed.

54

Toluene Contact Angle (degree)

70
60
50
40
SiO2_1M
SiO2_2M
SiO2_5M
Si_1M
Si_2M
Si_5M

30
20
10
0
0

2

4

6

8

10

Time of FOTS immersion (minute)

Figure 5-7: Contact angle of FOTS as a function of time of dip-coating for Si and SiO2
substrates coated in FOTS solutions of various concentration.
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(a)

(b)

Figure 5-9: Microscope pictures of NQDs covered wafers with (a) and without (b) ROST
treatment before UV exposure during the process.
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(a)

(b)

(c)

(d)

Figure 5-10: Microscope pictures of NQDs covered wafers with (a) (c) and without (b) (d)
ROST treatment before UV exposure during the process.
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5.5 Conclusion regarding selectivity of mist deposition

The results obtained in this study demonstrate feasibility of the approach in which
UV exposure of FOTS film through mechanical masks allows subsequent selective area
deposition of NQDs films using colloidal solution precursors and mist deposition. The
manipulation of the surface wettability (energy) of FOTS using UV light, electric field and
thermal treatments toward improved selectivity of the deposition process was at the core
of this experiment. It was revealed that due to the impact of electrowetting, formation of
thin film from the colloidal solution using mist deposition features reversed selectivity.
This effect was found to be readily reversible by rapid low-temperature anneal applied
prior to mist deposition.

This study is a promising step on the way to the development of the process
allowing high-resolution area selective, self-assembled deposition of ultra-thin films
comprised of nanodots. One direction to be considered for further exploration involves
functionalization of FOTS film by direct writing of the pattern using excimer laser beam.
The material of choice for surface functionalization as well as the precursor solvent of
choice is another direction that needs to be explored.
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Chapter 6
Summary

A new methodology of patterning ultra-thin film for CdSe nanocrystalline quantum
dots during formation of the film was investigated using mist deposition. Several process
steps were introduced in this study.
The surface functionalization of various substrates was implemented with
Trichloro(1H,1H,2H,2H-perfluorooctyl)silane , CF3(CF2)5CH2CH2SiCl3 (FOTS).

An

exposure of UV featuring intense 185 and 254 nm wavelengths was found to effectively
changing the wettability of functionalized surfaces. Shadow masks were included with UV
exposure to pattern the samples, followed by selective deposition occurring during the
process of mist deposition. Though various substrates were examined including Si wafer,
SiO2 wafer, microscopic slides, glossy paper, and kapton sheet, better outcomes of
selective deposition were observed for Si and SiO2 samples.
Efforts to refine the entire process was made such as reducing the time of surface
functionalization as well as the concentration of FOTS solution. Rapid optical surface
treatment (ROST) was found to benefit the resulting selectivity also override the undesired
occurrence of electrowetting effect if appropriately applied.
Potential of this study is considered as an alternative way to pattern materials which
are too vulnerable in standard lithography processes to remain intact.
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