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ABSTRACT

The development of a new deposition technique called evaporative vapor deposition
(EVD) is reported, allowing deposition and formation of atomically-thin, large area ma-
terials on arbitrary substrates. This work focuses on the highly popular monolayer material
— graphene oxide (GO). A droplet of a GO solution is formed on a heated polymer sub-
strate, and maintained at steady-state evaporation (all droplet parameters are held constant
over time). The polymer substrate is laser patterned to control the droplet’s contact line
dynamics and the droplet’s contact angle is maintained using a computer controlled syringe
pump. A room temperature silicon wafer is translated through the vapor field of the evap-
orating GO droplet using a computer controlled translation stage. Dropwise condensation
formed on the silicon wafer is monitored using both optical and infrared cameras. The
condensation rate is measured to be ~50pL/mm?-s — 500pL/mm?-s and dependent on the
substrate translation speed and height difference between the droplet’s apex and substrate
surface. Nano-sized GO flakes carried through the vapor phase are captured in the conden-
sate, depositing on the translating wafer. Deposition rate is dependent on the stability of
the solution and droplet condensate size. Characterization with Raman spectroscopy show
expected shifts for graphene/graphite. The presented EVD technique is promising toward

formation of large scale 2D materials with applications to developing new technologies.
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CHAPTER 1: INTRODUCTION

1.1. Background

Since its first experimental discovery in 2004, the production and characterization of
graphene (along with other two-dimensional crystal materials) are a high interest research
topic. To introduce, graphene is a single atom thick layer of carbon atoms; the building
block for other carbon based materials such as carbon nanotubes (a rolled-up graphene
sheet), fullerenes or buckyballs (a sphere of graphene), and graphite (a stack or cluster of
graphene). While graphene gets the most publicity (presumably due to its electron mobility
capabilities and various quantum phenomena [1]), other 2D materials such transition metal
dichalcogenides (e.g., MoSy & WSey), metal halides (e.g., MoCly & CrCls), among others [2]
all open a new field of condensed-matter physics due to their unique properties compared
to its bulk equivalent. Researchers have remained optimistic in the progression toward
applications implementing the unique properties of these 2D materials, yet the greatest
hindrance is their lack of reliable production.

Despite the current low-yield production methods, graphene research has made significant
development over a ~10 year period. Experimental results showed graphene with electron
mobilities as high as 200,000cm?/Vs [3], thermal conductivity nearing 5,000W /m-K [4], and
an elastic modulus over 1000GPa [5]. These astonishing properties lead to the seemingly lim-
itless applications of graphene (or graphene based materials) including: (1) supercapacitors,
(2) energy storage, (3) improvements in thermal management, (4) diverse composite mate-
rials, (5) high accuracy gas sensors, (6) polymer composites, etc. For example, high fidelity
sensors are important for tracking both biological and chemical contamination in a launch

vehicle (i.e., rocket) during assembly and launch [6, 7]. Monolayer graphene [8] and MoS,



[9] have shown extreme sensitivity to various gas exposures (able to detect single molecules
[10]). Beyond space mission contamination, such sensors can improve the safety of persons
working with highly toxic chemicals by ensuring no leaks into the environment or determin-
ing concentration of gases in harsh environments not suitable for most equipment (such as
inside a combustion chamber). The immense abilities 2D materials have demonstrated led

researchers across a wide range of disciplines to further explore them.

1.2. Research Focus and Motivation

As mentioned, the greatest limitation and frustration in current 2D material research is
the lack of idealized fabrication techniques. The simplest technique, mechanical exfoliation,
produces high quality, pristine crystals; yet is extremely low yield with no scalability. This
method includes the ‘scotch tape’ method (a repeated adhesion-peeling procedure with adhe-
sive tape) used to first discover graphene in stable form [11]. Also, this method is extremely
tedious (one can easily rationalize) and requires a lot of effort to simply determine if any
graphene (or other 2D material) is present. Chemical treatments propose methods for large
scale production of wafer sized 2D materials, but tends to strip their unique unrivaled prop-
erties such as electron mobility [12]. Chemical Vapor Deposition (CVD) is the currently the
most promising for industrializing 2D materials. Although, due to the high temperatures
needed for CVD (~1000°C), material deposition is limited to specific substrates that can
withstand such temperatures (typically, copper or nickel) [13]. Additionally, some surface
functionalities of these 2D materials may be lost at high temperatures, thus further mitigat-
ing the advances of CVD techniques. Liquid exfoliation opens low temperature techniques
such as drop casting and dip coating, yet non-uniform deposition is inevitable due to droplet
capillary flow and substrate surface imperfections leading to the production of the coffee-ring

effect.



The work in this thesis is directed to developing a new deposition technique, with advan-
tages over current methods. Liquid exfoliated solutions can be synthesized for producing a
large quantity of monolayer graphene through light ultrasonication, yet current liquid deposi-
tion techniques are not able to produce films with a uniform thickness (thus not able to form
large scale monolayer materials on substrates). The proposed hypothesis to overcome this
pattern production is to avoid the liquid meniscus (i.e., the solid-liquid-vapor contact line)
which results in the non-uniform deposition. Additionally, if 2D materials can be ‘grown’
from wvaporized materials (i.e., CVD), why would this not occur for an evaporated solution?
It is hypothesized that the vapor phase of a solution (e.g., water) will carry a solvent (e.g.,
graphene) provided the particle is small enough. Evaporating a solution versus vaporizing
a solid materials significantly lowers the deposition temperature (~1000°C to <100°C), thus
allow deposition to any substrate. Combining these hypotheses, the proposed work in this
thesis presents the ability to deposit 2D materials transported in the vapor phase of an
evaporated nanofluid. This proposed technique allows for low temperature deposition of 2D
materials utilizing liquid exfoliated solutions with no restrictions/limitations to the substrate
the material is being deposited to. The particle size deposited is limited to the maximum
the vapor phase can carry (a single vapor molecule is not believed to have the energy to
transport materials much larger/heavier than the vapor molecule itself), thus avoiding non-
uniform deposits of thicker/larger particles. Importantly, the proposed thesis work is easily

scalable for advances in large scale production of 2D materials in the industry.



CHAPTER 2: LITERARY REVIEW

Graphene has a relatively small history prior to 2004, when the first experimental study
of graphene was reported [11]. Early theoretical studies [14, 15] looked at single layers of
graphite to explain various anisotropic properties. For example, the atomic spacing between
atoms is 1.42A (in-plane, ||) and 3.37A (out-of-plane, L), so planar interactions may be dis-
regarded in some cases. This approximation showed the electrical conductivity between the
two directions orders of magnitudes different [14]. It was believed that any single atomically
thin material is thermodynamically unstable, and will form into a curved structures (e.g.,
CNTs and fullerenes). Proceeding its discovery, it is still debated whether single graphene
layers become intrinsically stable by ‘crumpling’ (i.e., wave-like; the surface of the ocean on
a semi-calm day) [1].

From past theorists, large two-dimensional crystalline structures were believed to be
thermodynamically unstable [16, 17]. The instability is caused by the thermal fluctuations
in 2D crystals which are comparable to the atomic length scale. Thus, unstable atomically
thin layers will decompose [1] or stabilize by forming into a three-dimensional structures
(e.g., CNTs, fullerenes, or soot) shown in Fig. 2.1 [1, 11]. While fullerenes may be discussed
as 0D, and CNTs as quasi-1D, they are undoubtedly a 3D structure. Epitaxial growth of
single atomic layers has been demonstrated [18, 19], but these single layers are stabilized
as being a part of the bulk material [1]. Thus, these atomic layers were not considered to
disprove the instability of monolayers. Graphene’s simple experimental existence created an
enormous spark of interest, which continued to expand following the astonishing properties

monolayer materials exhibit toward a wide range of applications.
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Figure 2.1: Visual representation of monolayer graphene with hexagonal carbon structure. Other common
carbon allotropes include CNTs, which may be considered a rolled-up graphene sheet, and graphite, planar
stacking of individual sheets of graphene in ABA. .. order.

2.1. First Production of Graphene

In a bit of a surprise, Konstantin Novoselov, Andre Geim, and coworkers have found the
first two dimensional material through a relatively elementary technique [11]. Not only were
monolayer 2D crystals found, but were of high quality. Through repetitions of mechanical
exfoliation (peeling) of highly oriented pyrolytic graphite (HOPG), the graphite sheets were
peeled apart to obtain sheets atomically thin. With a small mesa-like sample of HOPG,
scotch tape was used to peel graphite flakes from the surface (in less academic terms, this
method is referred to as the ‘Scotch Tape’ method). The flakes were transferred to a silicon
wafer by dipping in an acetone solution. The thinnest flakes (typically less than 10nm) had
a stronger adhesion to the wafer due to van der Waals forces, thus only the larger flakes
were wash away into the solution. The stability of 2D crystals may still be argued to exist

only in a meta-stable state having been extracted from a 3D material, and remain in small



sizes. Although, Geim and Novoselov [1] argue the thermal fluctuations may be relaxed for
larger crystal dimensions though slight crumbling (i.e., exhibiting a wave-like surface) [20].
The monolayer graphene flakes were viewed using various techniques including: (1) optical
microscope, (2) atomic force microscopy (AFM), (3) scanning electron microscopy (SEM),
and (4) transmission electron microscopy (TEM). While this method may be portrayed as
a trial and error process, it has shown to produce high quality monolayer flakes as large as
10pm (with ‘few layer’ graphene sizes of ~100um).

One possible explanation for the lack of graphene (or any atomically thin materials) prior
to 2004 may because it was simply overlooked, not by its instability to other 3D structures
as theorized. Summarized briefly by Novoselov and Geim [11], few layer graphene (FLG) is
completely invisible in an optical microscope. Using a 300nm SiO, wafer, discolorations on
the surface were a result of shifted light based on the flakes thickness. Different graphene flake
thicknesses were detectable based on the color (e.g., blue was ~4nm — 10nm and white/light
blue was 2 50nm). Additionally, FLG flakes are rare with the mechanical exfoliation tech-
nique and can easily be missed being surrounded by larger graphite flakes [1]. Even so, 1-5
layer graphene films are < 2nm and remained optically invisible. Monolayers were easily
identifiable in ATM and SEM images, and found when comparing these images and noticing
features that become detected. A later study by Blake et al. [21] overviewed the contrast of
graphene for a range of SiO, thicknesses, reporting the importance of the thickness of SiOq
for optical viewing. For example, under white light, FLG can be visible on 300nm SiO, yet
completely invisible on 200nm SiOy. The maximum contrast was shown at SiOs thickness
of ~90nm, although the standard remains 300nm (which still exhibits reasonable contrast).
Nevertheless, the delayed discovery comes as no surprise having been optically transparent

on most substrates.



2.2. The Search for Methods of Fabrication

Proceeding the success of mechanical exfoliation for producing graphene monolayers, a
wide range of alternatives are sought for reliable large scale production [22]. Researchers
have remained optimistic in the progression toward applications implementing the unique
properties of these 2D materials, yet remain hindered to fabrication techniques. The simplest
technique, mechanical exfoliation, produces high quality, pristine crystals; yet is extremely
low yield with no scalability. Chemical treatments propose methods for large scale pro-
duction of wafer sized 2D materials, but tends to strip the unique unrivaled properties of
2D materials such as electron mobility. Chemical Vapor Deposition (CVD) is the currently
the most promising for industrializing 2D materials. Although, due to the high tempera-
tures needed for CVD (~1000°C), material deposition is limited to specific substrates that
can withstand such temperatures. Additionally, some surface functionalities of these 2D
materials may be lost at high temperatures, thus further mitigating the advances of CVD
techniques. Liquid exfoliation opens low temperature techniques such as drop casting and dip
coating, yet non-uniform deposition is inevitable due to droplet capillary flow and substrate
surface imperfections leading to the production of the coffee-ring effect. Each technique
has its advantages and disadvantages. This section overviews how each of these techniques

developed, and the efforts to control/minimize their limitations.

2.2.1. Chemical Exfoliation

Chemical exfoliation involves intercalating graphite with bulk molecules (i.e., creating
a structure with a sequence of ABABA...). With intervened molecules, the intercalated
graphite can be agitated to separate the graphene layers [23, 24]. Early attempts were not
able to obtain free-standing graphene using chemical exfoliation because of the uncontrol-

lable characteristics [1]. Although, the agitation technique remains the key for large scale



production because of the weak out-of-plane attraction forces of graphite allow for easy sep-
aration (based on up-to-date methods [2]). One example involves the intercalate element of
potassium, which synthesized results in either KCg or KCyy [24] and exfoliated with ethanol.
This method left nanoscrolls of graphite that were ~50 layers thick. Other methods of exfo-
liation include thermal expansion of sulfuric acid (as an intercalation compound), although
also lack the complete separation of individual sheets (consisting of 2100 layers) [12]. The
most successful chemical treatment involves oxygen functionalized graphite, where a mild

sonication treatment can exfoliate individual sheets. [25-30].

2.2.1.1. Graphene Oxide

Stankovich et al. [12, 28, 31] found graphene sheets exfoliated from graphite to be difficult
and lacked reproducibility. Thus, a new route for graphene from exfoliated graphite oxide
(G{O) had risen and demonstrated high potential toward large scale production [12, 25, 28,
29]. Graphite oxide is an oxygenated treatment of graphite, functionalized with hydroxide,
epoxide, ether, carboxylic acid, among others (the exact structure remains debated [32—
35]). Typically, graphite oxide is produced though a treatment named the Hummers method
[36] (or a modified Hummers method [37]). The details of these processes are not dis-
cussed in this work. Importantly, the resulting functionalized graphite becomes hydrophilic.
The hydrophilicity allows easy intercalation of water molecules, thus graphene oxide (GO)
nanosheets (including monolayers) can be exfoliated through sonication of a G{O-water so-
lution. Additives have shown to increase the stability of the GO dispersion, remaining well
dispersed for months [26, 31, 38].

The addition of functional groups is expected to increase the thickness of monolayer GO,
measuring larger than pristine graphene. Stankovich et al. [12] measured GO sheets of ~1nm

with ATM (compared to 0.34nm for pristine graphene), and believed these to be atomically



thin. The increase in thickness is attributed to the presence of oxygen covalent bonds causing
an out-of-plane displacement of sp® hybridized carbon atoms. Paredes et al. [26] studied
the dispersion and stability of GO in various organic solvents in addition to water. Good
dispersions were achieved for a numerous solvents, with some remaining stable for up to
three weeks. High polarity solvents also resulted in good dispersions, although the factors
inducing long term stability were unclear. Monolayer dispersions of GO in aqueous solutions
show potential for nanofillers and polymer matrix nanocomposites, leading to further efforts

in synthesis techniques to increase compatibility with polymers [26, 39, 40].

2.2.1.2. Reduced Graphene Oxide

Unfortunately the interesting properties of monolayer graphene are lost when graphene
is functionalized (e.g., becoming electrically insulating). Post-exfoliation treatments can
reduce the functionalization, becoming reduced graphene oxide (RGO). These treatments
have shown to partially restore the lost properties due to functionalization, although cannot
compete with pristine graphene [12]. Additionally, the sheets have formed a large num-
ber of defects undergoing this post-treatment [41]. While the additional step for obtaining
RGO allows for more versatile nanosheets, the hydrophilicity property is also lost when de-
functionalized. Thus, water-based solutions of RGO have a high tendency to agglomerate
(irreversibly). Stability can be maintained by polymer-coated nanoplatelets [31], or exfolia-
tion in polar aprotic solvents [28]. Nevertheless, the high-throughput technique for FLG-like
RGO and its edge functionalities keeps its a high interest material for applications toward

electromechanical and biological sensors [42—44].



2.2.2. Chemical Vapor Deposition

The most successful technique for large scale production of graphene is through chemical
vapor deposition (CVD). To brief, the CVD process involves precipitation of carbon on a
metal substrate in a high temperature (~1000°C) vacuum environment. A rapid quench-
ing causes the precipitated carbon atoms to form graphene layers. The cooling rate and
carbon concentration control the quality and thickness of deposited graphene [22, 45, 46].
This fabrication technique has shown to be reproducible and produce high crystalline films
centimeters in lateral dimension. [13, 47].

Li et al. [13] produced uniform graphene sheets as large as lem? grown on thin copper
films using a CVD technique. The copper was beneficial over nickel (a commonly used base
substrate) because the growth on copper is self-limiting. Therefore, extending the exposure
to CVD did not result in multiple layer graphene growth (i.e., remaining monolayer). In the
case of nickel as the base substrate, thicker graphitic layers are known to form [46, 47]. As
a result, the experimental process and cooling rate strongly dictate the number of graphene
layers and quality (i.e., amount of defects) [46]. Kim et al. [47] grew cm?-sized graphene
sheets on nickel, although the flake sizes remained small and had folding defects. Chae et
al. [45] had similar issues with wrinkle formation, having to search for ‘optimal’ exposure
temperatures and Acetylene/Hydrogen concentrations for FLG. Nevertheless, the resulting
sheets grown on nickel are easily etched or stamped onto arbitrary substrates [47, 48]; also

demonstrating high quality thermal, electrical and mechanical properties [47, 49].

2.2.3. Liquid Exfoliation and Additional Methods

Other work has been put forth for simple, reproducible, and large scale production of
graphene. Using the hydrophilicity of GO, methods of deposition using a liquid exfoliated

solution (typically from ultrasonication) remains a growing focus [50]. Versatility remains
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crucial, thus seeking various solvents (beyond water) and additives for well dispersed and
exfoliated nanosheets [26, 31, 40, 51]. This theory of liquid exfoliation is applicable to any
layered materials with strong (weak) in-plane (out-of-plane) bonds [2]. Other than graphene,
examples of layered materials that may be separated into single nanosheets include transition
metal dichalogenides (TMDs) such as molybdenum disulfide (MoS,) and tungsten diselenium
(WSey). These 2D TMDs, however, are not single atomic thick sheets due to their atomic
structure (e.g., exhibiting ABA ABA ABA... structures) [44]. While graphene holds the
highest popularity (partly due to being the first monolayer material experimentally mea-
sured), all 2D materials hold very unique properties over bulk (3D) materials. Potential
applications of 2D materials (beyond graphene) include polymer-based composites, electron-

ics, and transistors, among many others [2, 28].

nanoparticles

PANTE

Figure 2.2: Drawing showing the effect on capillary flow on nanoparticle suspensions in an evaporating
droplet. The nanoparticles in an evaporating droplet, (a), will be driven toward the droplets contact line by
the capillary flow, (b), as the contact line remains pinned. Once the contact line depins, (c¢), the nanoparticles
remain deposited on the substrate in a large collection, (c¢), while few are deposited with a moving contact
line, (¢) and (d).

With liquid exfoliated monolayer dispersions, various deposition techniques including:
(1) drop casting, (2) dip coating, (3) spin coating and (4) Langmuir techniques (Langmuir-
Blodgett and Langmuir-Schaefer) have been attempted to produce large-scale monolayers
materials [29, 44, 52-54]. Drop casting and dip coating both utilize evaporation of the

solvent, where the solute (e.g., graphene or other nanoparticles) remains on the substrate.
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Deposition of uniform films remains a challenge due to the capillary flow of an evaporation
fluid directing the solute to the contact line (solid-liquid-vapor interface), termed ‘coffee-ring
effect’ (see Fig. 2.2 [55]). This phenomenon is still under investigation [56-59]. Kim et al.
[53] used the Langmuir-Blodgett technique (i.e., a vertical deposition), and found that larger
graphene flakes tend to migrate toward the liquid-vapor interface while the smaller flakes
sank. This size-dependent amphiphilicity allowed separation based on flake size, where
deposition of smaller flakes led to a more uniform film. Shih et al. [54] also reported a
separation method using the coffee-ring effect. Smaller flakes were more influenced by the
capillary flow, depositing at the contact line. The larger flakes were found along inner rings.
Monolayer and FLG can be found within the coffee-ring, but scalability remains a hurtle.
Another method is based on the well-established CNT growth [60-62]. Production of
CNTs, which can be viewed simply as rolled up graphene sheets, is more well-known and
understood than graphene. Finding ways of cutting open or unzipping CN'Ts may benefit
significantly from the large quantity of past research on CNTs. While this production is
more controllable, the electrical quality of unzipped CNTs still lack compared to pristine,

mechanically exfoliated graphene [60].

2.3. Properties of Graphene and Graphene Oxide

A large contribution to the production of monolayer materials is due to the astonishing
properties they exhibit. Interestingly, these unique properties are largely maintained with
the addition of a second layer. Therefore, there must be a thickness limit which separates
2D materials from 3D. Partoens and Peeters [63] sought this 2D to 3D transition based on
the electronic structure. To no surprise, there is no deterministic transition between 2D
graphene and 3D graphite. Although, it was adapted that this transition is 10 layers as the

electronic structure of 11+ layers are within 10% of bulk graphite [63]. Therefore, graphene
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may be referred as <10 layers (although typically termed graphene, bi-, tri- and few-layer
graphene for 1, 2, 3, and 4-10 layers thick, respectively). Sense its experimental discovery in
2004, a significant amount of research has been done regarding various properties of graphene

including electrical, mechanical, thermal, among others.

2.3.1. Electron Mobility

The electrical conductivity, related to the electron mobility, is astonishing for isolated
graphene flakes. This was predicted due to graphite (stacks of graphene) having strongly
anisotropic electrical properties [14]. Bolotin et al. [3] reported electron mobility of elevated
monolayer graphene as high as 230,000cm?/V-s. While suspended devices always exhibit
high mobilities, exceptional values (~2000 — 10,000cm?/V-s) are commonly reported [11,
13, 47, 64-66]. Although, due to 2D scattering for planar graphene, ‘1D’ CNTs and some
semiconductors tend to have higher mobilities (15,000 — 60,000cm?/V-s and ~77,000cm?/ Vs,
respectively) [1, 11].

Beyond mechanical exfoliation, the process of producing graphene strip the electrical
properties. As a result, a large focus remains on production of graphene while maintaining
high quality crystals in hopes of approaching similar properties of pristine graphene. CVD
grown graphene on nickel, transferred to arbitrary substrates, have reported values of 2000
— 4000cm?/V-s [47, 64]. Cao et al. [64] explained that wrinkling/folding resulted in lower
values. Lower temperatures (near 0K) allow for higher values of ~4000cm?/V-s [47]. Li et

al. [13], found slightly higher values 4050cm?/V-s with CVD on copper foils.

2.8.1.1. Functionalized Graphene

While production of functionalized graphene (i.e., GO) has progressed significantly, the

large interest in monolayer is lost becoming electrically insulating. Although, further treat-

13



ment of these functionalized graphene materials (i.e., GO becoming RGO) partially restores
to graphene-like properties. Electron mobility have reported values of ~0.01 — 10cm?/Vs
(67, 68]. Shih et al. [54] measured values as high as 400cm?/V-s with bi- and tri-layer
graphene flakes exfoliated in iodine halogen solutions. While this cannot compete with
pristine graphene, it demonstrates a potential future for GO/RGO monolayer fabrication

techniques.

2.3.2. Thermal Properties

Following the high thermal conductivity (k) of carbon allotropes (CNTs and diamond),
measured values of monolayer graphene come at no surprise. Elevated graphene have values
within 3000W/mK and 5000W /mK (the upper limit is higher than the accepted values for
CNTs, yet still significantly trailing diamond) [4, 69], although is reduced to ~600W /mK
when supported [70]. All carbon allotropes all demonstrate the highest thermal conductivity,
due to the strength of carbon-carbon bonds [70]. The x-T relation was investigated by Seol
et al. [70], finding that the maximum peak of pyrolytic graphite (nearing 3000W /mK) is at T
~ 140K, while supported graphene at a higher temperature of 7' ~ 300K (with conductivity
of ~600W/mK). Therefore, the reduction in conductivity (based on photons) is attributed
to the interactions of the substrate. Additionally, the thermal properties of functionalized
graphene are orders of magnitude lower [71], as with the electrical properties.

Koh et al. [72] reviewed the temperature and thickness of graphene thermal conductance.
For 1-10 layers of graphene, the measured thermal conductance remained constant. Meaning,
the heat transport remains governed by the substrate/graphene interface even for monolayer
(~0.4nm thick) materials (i.e., remains distinctive). Koh et al. have a disagreement in the
k-T relation, reporting nearly constant conductance over 50K < 7' < 500K, while Seol et al.

found a decreasing x for T' < 150K [70]. Although, similar conclusions are made regarding
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the substrate interference in photon interactions, limiting the conduction rate. Concluding,
while graphene has outstanding thermal properties and could be a top choice for thermal

management devices, the heat conduction is limited by the graphene/substrate interface.

2.3.3. Raman Spectroscopy

While production of graphene is of high interest, the physical detection of graphene
and knowledge of the number of graphene layers under study remained difficult yet crucial.
From theory, the thickness of a monolayer graphene (as well as FLG) is known. AFM has
the ability to measure thicknesses of ~0.4nm (the thickness of monolayer graphene), but
not practical to scan large, cm?-sized regions. Optical imaging was found to be assisted
with oxidized Si wafers (SiOs) [65], but still remains a difficult challenge and can easily
be overlooked. TEM, while excellent for imaging down to the lattice structure [73], is a
destructive technique. Raman spectroscopy was found to display subtle yet unique shifts
based on the number of graphene layers [74-76], and thus became a quick technique for

measuring/detecting graphene.
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A2u

Figure 2.3: Various vibrational modes (eigenvectors) of graphene/graphite. Optical vibrations are shown
in (a) and (b), and planar translations are in (c) and (d). The Eq, is the only Raman active mode, resulting
in first-order and second-order Raman shifts at ~1580cm ™! and ~2750cm ™!, respectively.

To overview, atoms/molecules gain energy from interaction to light causing them to
vibrate. The vibrational modes cause a photon energy shift (termed Raman Scattering),
and these shifts are measured. The collection of shifts provide insight on the components in
the material. The vibrational modes (eigenvectors) of graphene are demonstrated in Fig. 2.3.
The E,, and By, eigenvectors (Figs. 2.3a and 2.3b, respectively) are optical vibrations while
the Ay, and E;, eigenvectors are planar translations (Figs. 2.3c and 2.3d, respectively). Only
the Eo; mode is Raman active, giving a first-order peak at ~1580cm ™" and second-order peak
at ~2750cm ™! [77]. These peaks are the G-band and 2D-band (or G’) peaks, respectively.
The Ay, mode (in-crystal-plane longitudinal acoustic vibrations) is thought to be the reason
for a third peak at ~1350cm ™! shift (named the D-band peak) [78], though this was found to
be present for graphene with defects/disorder (e.g., GO with oxygen functionalized carbon

or holes in the lattice structure from missing carbon atoms) [76, 77]. The D-band peak is
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also present due to edge effects [78]. Thus, the intensity of the D peak is an identification
to the quality/defect density of the graphene crystal.

From the properties of carbon (graphene/graphite), Raman scans not only detects the
presence of graphene on a substrate by observation of the G and 2D peaks but the crys-
talline quality as well. While the crystalline quality is important, knowing the thickness
or number of layers is necessary when characterizing the properties of graphene and FLG.
Over the years, subtle yet distinctive Raman peak qualities were identified for unambiguous
identification of graphene layers [74-76, 79], and outlined in Fig. 2.4. When comparing the
G-band peak for graphene layers 1 < n < 10+, a slight downshift in peak frequency was
observed as the number of layers increased (a 3-6cm™! difference between monolayer and
HOPG) [74, 75]. This decrease in frequency follows a linear trend relative to the inverse
number of graphene layers, 1/n. The 2D-band shape is more sensitive to the number of
layers [74-76], as shown in Fig. 2.4. Once established, a simple observation of the 2D-band
may be sufficient to determine the number of layers. Other methods include comparing the
relative intensity of the G-band and 2D-band [64], the G-band and the Raman shift from
Si/SiO; substrate [76], or the D’ band at ~1600cm ™" (which merges with the characteristic

G-band) [80].
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Figure 2.4: The G-band frequency is a method of detecting the number of graphene layers, slightly de-
creasing by 5-6cm ™! as the number of layers increases from 1 to >10 (i.e., graphite). The 2D-band shape is
another a clear indicator for determine the number of graphene layers. Figure adapted from Refs. [75, 76].

2.4. The Liquid Meniscus

Slightly diverging from the history and production/characterization of graphene, this
section will review various aspects of engineering the liquid meniscus. The liquid meniscus
is the curved liquid-vapor interface that is formed when the liquid is in contact with a
solid, dictated by surface tension forces (i.e., Young-Laplace equation [81]). The liquid
meniscus plays an important role in engineering applications such as heat and mass transport
[82], direct material deposition [44, 52], and pattern formation [55, 83]. A review on the
multiphase phenomenon that occurs in relation to the liquid meniscus, and how various
small-scale engineering applications (e.g., deposition of graphene presented in this thesis)

manipulate/exploit them.
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Liquid meniscus engineering is very common in microfluidics, leading toward the develop-
ment of Micro-total analysis systems (4 TAS) and Lab-on-a-chip (LOC) devices [84, 85]. For
example, applied electric fields can alter the surface tension forces [86] or electrostatic pres-
sure in the vicinity of the solid-liquid-vapor contact line [87]. These applied forces can cause
deformations in the liquid meniscus, or manipulate entire droplets under higher electric fields
[88]. Further applications of manipulating the liquid meniscus includes self-cleaning surfaces
[89]. Making a surface superhydrophobic (water repelling), droplets easily capture particles
on the surface with minimal adhesion forces (i.e., easily removed/washed off); termed the
Lotus effect. In the reverse, this electrical energy contained in a fluid can be extracted and

used for energy harvesting [90].

2.4.1. Heat and Mass Transfer

Small droplets have a high interest in thermal sciences, able to extract high heat fluxes.
It is reported that a droplet’s thermal resistance at the liquid-vapor interface is 10-50 times
greater than at the solid-liquid interface (i.e., near the contact line) [91]. Pioneer work by
Wayner and coworkers [82, 92, 93] report the evaporation characteristics and heat flux along
the liquid meniscus, splitting the meniscus into three regions: (1) absorbed film, where
a liquid film (nanometer thick) is absorbed into the solid and no evaporation occurs; (2)
thin-film /transition, where maximum evaporation and heat flux occurs; and (3) bulk/thick
meniscus, where the curvature becomes nearly constant, with increasing thermal resistance
and decreasing heat flux and evaporation rate. This suggests that increasing the contact line
(i.e., the thin-film transition region where maximum evaporation/heat flux occurs) while
reducing a droplets surface area (i.e., the bulk meniscus) is crucial for enhancing heat re-
moval in evaporation based cooling systems [94]. This hypothesis is well supported with the

numerous studies on effectiveness in spray cooling, where tiny droplets cover a surface to be
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cooled [95, 96]. Studying single droplets, it has been shown that the droplets evaporation
rate efficiency decreases with decreasing contact line length [94, 97]. Although, a droplets
evaporation rate is proportional to a droplets total surface area (i.e., the total liquid-vapor

interface) [97], the contact line length dictates the phase-change transfer rates.

2.4.2. Material Deposition and Pattern Production

Liquid exfoliated graphene (or any other 2D materials) became a simple method for ob-
taining monolayer materials, but has its limitations like every production technique. Through
the work by Deegan et al. [55, 98], the coffee-ring effect has become well known and studied
[56-59]. Methods for controlling/mitigating this non-uniform deposition include anisotropic
particles [59] or nano-structured surfaces [56]; although some experiments do not have this
option (e.g., EVD of graphene in this thesis cannot be replaced with other anisotropic shaped
nanoparticles). One hypothesis to mitigate the coffee-ring formation is to force a receding
contact line. For example, if the liquid meniscus were extended (by pulling the contact
line away from the bulk fluid), surface tension forces will pull the contact line into a favor-
able/equilibrium position. By increasing the liquid meniscus length (effectively, ‘thinning’
out), particles cannot collect and will remain loosely packed and deposit more uniformly
[59]. By ‘engineering’ the dip coating method, evaporation rate and meniscus extensions can
be controlled to form uniform depositions of 2D materials [44, 52].

Early successors of dip coating monolayer materials was reported by Liu et al. [44],
depositing another highly popular 2D material — molybdenum disulfide (MoSs). A pre-heated
Si wafer was vertically dipped in an ammonium thiomolybdates [(NH)2MoS,] solution.
The deposited material thickness was controlled by the substrate temperature (therefore,
the evaporation rate) and the pulling speed (i.e., the liquid meniscus extension length).

After thermal decomposition, the deposit was reduced to MoS,;. Homogeneous deposition of
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trilayer was achieved, with sparse bilayers. Various characterizations (e.g., Raman, XPS, and
electron mobility) concluded this thermolysis dip coating process produced highly crystalline
MoS,, comparable to mechanical exfoliation, that is simple and scalable. Recent work by
Jeon et al. [52] showed uniform deposition of GO with a horizontal dip coating technique,
which was found to be applicable for various other materials as well [99]. Focusing on the
film thickness (i.e., the extended liquid meniscus) which can be tuned with the substrate
translation speed and solutions capillary number, uniform depositions were comparable to
spin coating. With a AFM measured thickness of 4nm, the deposition was determined to be
3-4 graphene layers thick.

Efforts in engineering the liquid meniscus expand beyond thin film deposition — specif-
ically, pattern production in biomedical applications [83]. Using uniquely helical shaped
macromolecule phage (bacterial virus), Chung et al. [83] reported a dip coating process that
replicated natural formation of tissue. The liquid meniscus evaporating in a stick-slip mode
led to twisted structures, aligning perpendicular to the pull direction when the meniscus is
pinned and parallel when in motion. The pull speed is found to control formation of single
spiraling ‘fingers’ to tightly packed nanofilaments. This self-templating pattern production
can be fabricated for a variety of applications in biomedical materials and tissue engineer-
ing. It is believed that the stick-slip mechanism resulting in the non-uniform deposits (i.e.,
coffee-ring effect) [100]. While some work has shown to mitigate these effects, the famous
‘no-slip condition’ in fluid mechanics [101] along with all real surfaces exhibiting some nano-
scale surface roughness cause this behavior. This has led to the hypothesis that uniform
deposition of 2D materials (on a large scale) will never be ideal. Thus, the formation of the
research presented in this thesis on depositing 2D materials from the liquid phase without

engineering the liquid meniscus.
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CHAPTER 3: STEADY STATE DROPLET EVAPORATION

Steady state droplet evaporation is defined as a droplet that is controlled such that all
its parameters (contact radius R, contact angle 0, apex height h, and volume V') remain
constant. A droplet may be assumed spherical in shape, provided the radius of the droplet
(i.e., the characteristic length) remains less than the capillary length (for water, [, ~ 2.7mm).
Therefore, through spherical geometric relations, the droplet is fully defined by only two
parameters. For this study, the contact radius and apex height are measured directly using
a custom LabVIEW code [94]. The contact angle and droplet volume are calculated using
Eq. (3.1).

3
V= %h(?,R?Jrh?) _

Tl (2 —3cosf + cos® ) (3.1)

The experimental setup mimics previous studies [102, 103]. A substrate is laser patterned to
restrict motion of a droplets contact line, providing a predetermined contact line length and
area. Additionally, a fluid channel is created within the substrate to form droplets using a
bottom-up methodology. This allows precise control of the droplets volume (as well as contact
angle and apex height) throughout the experiment without affecting the evaporation rate.
Based on numerical modeling [104], the evaporation rate (7iteysp) for a droplet evaporating
with a constant contact radius may be accurately predicted. Therefore, once a droplet is
formed, the pump infuse rate (7pump) is set to equal the predicted evaporation rate (i.e.,

Mpump= Mevap) 10 Maintain a constant volume steady state evaporating droplet.

3.1. Methodology

The following studies detail the substrate fabrication technique, its exceptional ability to

control the contact line dynamics during evaporation and ability to maintain steady state
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droplet evaporation over extended periods of time. Steady state droplet evaporation is
important toward uniform deposition of materials (discussed later), by maintaining a steady

vapor convection field surrounding the droplet.

3.1.1. Substrate Fabrication

A polymer acrylic substrate (lin. diameter) is used for all droplet evaporation studies.
First the substrate surface is painted with an opaque thin film (for a future step, the laser
ablation process) as shown in Fig. 3.1b. Next, a fluid channel is created within the substrate
through a two-step drilling process, using a custom micro-drill press. A ~500um in diameter
channel is drilled perpendicular to the surface normal of the substrate (from one edge to the
center of the substrate). This channel is made large enough to insert a stainless steel syringe
needle. A second channel (200pm in diameter) is created normal to the substrate surface
(intersecting the horizontal channel). This channel is represented in Fig. 3.1c. Importantly,
the microfluid channel is drilled post-application of the opaque film to avoid contamination

within the channel during the films application.

high I
d) ! piﬁsepeiv;zzuizer g) above view (flow out-of-page)

a) polymer acrylic substrate

b) opaque paint film C laser ablation

C) microdrilled channel f)
e _ I

remove opaque film h)

Figure 3.1: Procedure used to fabricate substrates used for steady state droplet evaporation. The surface
of a clear polymer acrylic substrate (a) is painted with a black opaque film (b). A two step drilling process
creates an inner substrate fluid channel (¢). The substrate is mounted to a motorized translation stage and
exposed to high powered laser pulses (d), causing the substrate to ablate (e). The opaque paint is chemically
removed (f). An image of a fabricated substrate (g) and demonstrating its application (h).
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The substrate is placed on a motorized (2D) translation stage, and a custom LabVIEW
code ‘prints’ the desired circular trench shape onto the substrate (concentric with the micro
drilled hole, shown in Fig. 3.1g.). To detail, a simple grey-scale image is imported into the
code, and the motorized stage translates the substrate following the imported shape. When
the substrate is in position, the substrate is exposed to a short femtosecond laser pulse (140fs
pulse width at 80MHz, with a power of ~1.7 Watts) to ‘print’ each pixel form the imported
image. Because the acrylic substrate is transparent, an opaque film is applied to the surface
to absorb the laser. The high powered laser focused to ~50um in diameter spot size acts as
an extreme heat source, causing the substrate to ablate (vaporize) under exposure (see Figs.
3.1d and 3.1e). Parameters such as the opaque film thickness, laser power, and exposure
duration determine the size of the ablated spot. Although, increased exposure or higher
laser power may cause the acrylic substrate to deform/melt in the surrounding area due to
heat conduction. For typical substrate patterning, an exposure of 500us provided a spot
size of ~50um. Once the pattern is printed on the substrate, the painted film is chemically

removed and the substrate is cleaned with ethanol to remove any remaining debris.

3.1.2. Droplet Evaporation Measurements

An overview of the experimental setup used for all droplet evaporation studies is shown in
Fig. 3.2. A glass syringe (100uL) placed on a syringe pump facilitates the supply fluid to the
substrate through a stainless steel needle inserted into the substrate. The substrate is placed
on a 100€2 electric heater to heat the substrate, and its temperature is maintained using a
temperature controller. A custom LabVIEW code operates for data collection [94, 103]. An
in-situ optical camera captures images of the droplet, and an image analysis is performed to
determine the droplets parameters based on a spherical curve fit of the droplets liquid-vapor

interface. The optical imaging setup includes a line-replaceable Mitutoyo objective for high
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magnification (2x, 5x, and 20x magnifications provide 6.76um /pixel, 2.71um /pixel, and
0.675um /pixel respectively). The code also allows the user to control the syringe pump flow

rate, within 0.04nL/s and ~3000nL/s with accuracy of 0.03nL/s.

heater substrate

sliced view

Figure 3.2: Experimental setup used for droplet evaporation studies on a heated substrate. The droplet
formed on the laser pattern substrate is illustrated further from Fig. 3.1. A sliced view (cut substrate) shows
the depth caused by the ablation process.

3.2. Steady State Evaporation Measurements

A droplet evaporating on a horizontal substrate (termed sessile droplet) is characterized
by the dynamics of the contact line. The three common modes include: (i) constant contact
radius (CCR), experiencing a decreasing contact angle; (ii) constant contact angle (CCA),
with a moving contact line; and (iii) mixed mode, which is simply a combination of the other
two modes. A fourth mode is occasionally discussed, where an oscillations between a CCR
mode and a rapid decreasing in contact radius (a depinning contact line, causing a rapid
increase in contact angle) and termed ‘stick-slip’ [105-107]. Each of these modes are shown
in Fig. 3.3, along with experimental data showing each mode of evaporation. Microdroplets

are a high interest in thermal management applications due to their ability to remove large
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heat fluxes [94, 103, 108]. Therefore, tracking the contact line dynamics remains at high
interest, yet the challenge of predicting the transition between each mode of evaporation

remains [107, 109].
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Figure 3.3: Representation of a droplet evaporating on a polymer substrate, heated to 65°C. Drawings

represent the various modes of contact line dynamics that are present during periods of an evaporating
droplet.

3.2.1. Controlling the Contact Line

The laser patterned trench on the substrate surface acts as a barrier, restricting further
advancement of a moving contact line. It is known that surface roughness attributes to
droplet experiencing a CCR mode of evaporation [110-112]. The laser patterned trench
acts as a significantly rough region to keep the contact line pinned at a desired length
for an extended period of time. Therefore, each experiment performed maintains identical

contact line length and area for systematic comparisons between each data set. No effect on
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evaporation rate is expected for the characteristic length scale of the trench in the following
experiments based on the Knudsen number order of magnitude analysis [102].
A droplet on a flat surface will exhibit a contact angle based on the surface tension forces

of the solid-liquid-vapor environment as predicted by Young’s equation [81],

Vv = Vst T Vi cOS 0. (3.2)

For the polymer acrylic substrates used throughout this study, the experimentally measured
contact angle of pure deionized water is 72+1°. The patterned trench pins the contact line to
allow larger contact angles (which would cause an advancing contact line due to the surface
tensions forces in Eq. (3.2). Additionally, once the contact line comes in contact with the
trench, the strong pinning forces allow for contact angles less than the equilibrium (which
would normally cause a receding contact line per Eq. (3.2)).

Figure 3.4 illustrates this, showing contact angles of 22° < 6 < 145°. Shown complimen-
tary, are experimental results of droplet evaporation with a fixed contact area and length.
When comparing Figs. 3.3 and 3.4d, the latter shows significant improvement toward sim-
plifying the contact line dynamics during evaporation, and allows for accurate predictions.
While the upper and lower bounds of this range can be unstable (based on the quality of
the pattern produced), this methodology demonstrates its exceptional abilities to control the

contact line dynamics
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Figure 3.4: The laser patterned substrate demonstrates exceptional abilities to control the contact line.
Contact angles of 22° < 6 < 145° can be achieved with a fixed contact line length and contact area, shown
in (a)-(c). The contact line remains pinned for a majority of an evaporating droplets lifetime, shown in (d).
Error bars represent largest deviation of five experiments.

3.2.2. Controlling the Contact Angle

Experiments of static, sessile droplets and the dynamics of the contact line during evap-
oration have demonstrated the accurate control of the contact line with the patterned sub-
strate. As previously mentioned, only two droplet parameters are necessary to fully define
a droplets geometry (see Eq. (3.1)). Therefore, controlling the contact angle with a pinned
contact line necessarily fixes the droplets apex height and volume. Implementing the inner
substrate fluid channel, a ‘bottom-up’ method to form the droplets on the substrate allows
fluid to be continuously added to a droplet. Because the fluid is being fed through the
solid-liquid interface, the evaporation rate is not effected (as the evaporation can only occur
at the liquid-vapor interface. Additionally, past studies show that the inner region of the

solid-liquid interface (i.e., not the contact line) has no influence on the droplet [113].
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As the contact line remains fixed at a predetermined length, the amount of fluid supplied
to form the droplet dictates what the contact angle will be. So, while the volume of the
droplet is actually controlled (therefore, defining the contact angle and apex height), it
is customary to discuss the contact angle a droplet exhibits (in addition to the dynamics
experienced during evaporation). Therefore, the amount of fluid supplied to the droplet is
presented as the method from controlling the contact angle and the droplets volume is the

parameter that becomes fixed.

3.3. Results for Steady State Droplet Evaporation

To confirm the ability to form well controlled droplet to a predetermined contact angle
(where the contact line lengths is defined by the patterned substrate), three tests were
performed to form a droplet with a contact angle of § = 109+1° and maintain steady state
droplet evaporation at Ty = 60°C. The patterned substrate has a pattern radius of R ~
1200pum, thus the droplet volume is maintained at ~2.4uL. A high infuse rate is used to
quickly form the droplet, which is near a factor of 10 greater than the predicted evaporation
rate (Mpump & 10Meyap). For a droplet heated to T, = 60°C and contact radius of R ~
1200pm is predicted to have an evaporation rate of ~14nL/s [104]. Therefore an infuse rate
of Mpump = 100nL/s is used. This infuse rate is sufficient enough to overcome the evaporation

rate and form the droplet with the desired contact angle, § = 109°, within ~30 seconds.
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Figure 3.5: Three identical experiments are performed, forming a droplet with an infuse rate of
Mpump=100nL/s. Once the droplet reached a desired condition (V' = 2.5uL), the pump flow rate was
reduced to match the predicted evaporation rate (1hevap=14.14£0.3nL/s). Accuracy to achieve the desired
steady state condition and reproducibility of steady state evaporation demonstrated.

The formation and steady-state evaporation results for three identical experiments are
shown in Fig. 3.5. The volume of the droplet is kept at 2.45+0.15uL (i.e., volume fluctuations
are within 6%), where each colored line (black, blue, and red) represent a different test. The
inset shown in Fig. 3.5 also shows the measured contact angle throughout each experiment
(color legends are identical to the volume data). Through a slight trial and error process, the
stability of a steady state evaporating droplet with an infuse rate of 14.140.3nL /s maintains
a steady state droplet (R ~ 1200pum, 6 = 109+1°). Numerical models [104] are used to
get within a reasonable range of the evaporation rate. A few experiments are performed
to adjust to a slightly lower (higher) evaporation rate experienced, causing an increasing
(decreasing) droplet volume over time. The ability to accurately form droplets of a desired

contact angle, and the reproducibility in these experiments are demonstrated well.
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For the focus of this thesis, where a graphene oxide solution (with water as the solvent)
is used, these results remain relevant. Graphene oxide has reports of surface energy of 62.1
mJ/m? [114, 115] (near water at 72mJ/m?); small concentrations are not expected to have a
major effect on the surface tension/energy of the GO-water droplets [53, 116]. The graphene
flakes may slightly reduce the evaporation rate due to ‘blocking’ evaporation path at the
liquid-vapor interface [117], although the graphene oxide concentrations are kept low (< 0.1
wt.%). Nevertheless, reduction in evaporation rate is compensated with a lower pump infuse
rate which is discovered through a slightly more extensive trial and error process as done

with pure water droplets.
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CHAPTER 4: VAPOR DEPOSITION OF GRAPHENE OXIDE

With the ability to maintain a steady state evaporating droplet, the following efforts detail
the implementation of this experiment to develop a new method of large area 2D materials
on arbitrary substrates using Evaporative Vapor Deposition (EVD). First, a review of the
experimental setup and equipment used is discussed. Following, analysis of controlling the
rate of condensation rates on the deposition substrate is presented, including an analysis of
the effect placing a substrate above an evaporating droplet has on the droplet’s evaporation
rate. These topics are important for future development of uniform, monolayer material

deposition. Finally, deposition results are presented, and characterized with Raman.

4.1. Methodology

Table 4.1: Overview of various solutions prepared throughout this work, including the GO-water con-
centration amount and additives included (if any). Comments are listed as positives/negatives for each
solution.

Solution | Concentration Additives Comments

Very high concentration. Microfluid channel be-

A 0.1 wt.% - .

came clogged as solution evaporates.

Good concentration. GO adheres to acrylic sub-
B 0.05 wt.% - . . :

strate, clogging microchannel over time.

High agglomeration rate. Reduced adhesion to
C 0.05 wt.% NaCl

acrylic substrate, no microchannel clogging.

Increased stability with -SO3 functional groups

D 005wt%  Sulfite 1119 g00 Chapter 5.
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4.1.1. Solution Preparation

Graphene oxide solutions are prepared using liquid exfoliated graphite oxide powder.
Ultra high purity water (resistance of >18MQ) is used as the solvent to reduce/eliminate
precipitation of GO due to charged particles (ions) [119, 120]. The G;O-water solution
is ultrasonicated at 2W for 10-15 minutes. Various solutions were created, varying the
GO concentration and additives for stability (see Table 4.1). Pure water and graphene
oxide solutions in concentrations of 0.1 wt.% and 0.05 wt.% (termed Solutions A and B,
respectively). Sodium Chloride (NaCl) is added to a solution of 0.05 wt.% (Solution C) to
reduce adhesion to acrylic materials (i.e., the substrate the droplet is evaporating on). Long
term stability for Solutions A and B is not observed, and agglomeration rate is accelerated
in Solution C due to NaCl additive [119]. Noticeable precipitation is visible after ~2 hours
after sonication for Solution C, while Solutions A and B exhibit slightly longer dispersion
stability (see Fig. 4.1). Therefore, solutions are sonicated using a ultrasonicator prior to

each experiment performed, assuring good dispersions during evaporative deposition.

Figure 4.1: Images showing the stability of pure GO-water solution (Solution B). Time stamps represent
time after sonication. Good dispersions is shown in (a), and noticeable precipitation is seen in (b). After
sufficient time, the solvent and solute are significantly separated, (c).
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4.1.2. Experimental Setup

The previously discussed steady state evaporation studies transitions to the current
discussion on EVD. Additional components are included in the experimental setup, and
overviewed in Fig. 4.2. Droplets are still formed on heated laser patterned substrates using
the bottom-up methodology, as shown in Fig. 3.2. The droplet is a solution of liquid exfoli-
ated GO, as detailed in Table 4.1. A motorized stage is positioned to translate a silicon wafer
(replaceable with any arbitrary substrate) above the steady state evaporating graphene oxide
solution. The motorized stage is a custom assembled assembly of two stepper motors (one
for vertical positioning, and the other for linear translation parallel to substrate surface).
The stepper motors have a 4 in. travel distance, with a resolution of ~60nm (16 steps/um).

An infrared (IR) camera (FLIR SC7000) is mounted to record images from a vertical view
(looking down on the droplet). The IR camera displays contour temperature plots for images,
providing insight to the temperature distribution along the droplet’s liquid-vapor interface
and its effect on the surrounding substrate area (see Fig. 4.2). Most importantly, sili-
con exhibits high transmittance in the infrared spectrum [100], becoming nearly /completely
transparent to the IR camera. Therefore, the IR camera provides a visual technique for
determining of the amount of condensation formed on the passing silicon substrate, even

though the condensate forms on the back facing side.
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Figure 4.2: Experiment setup for evaporative vapor deposition. The setup is identical to that of droplet
evaporation studies (see Fig. 3.2) with additional components. A silicon wafer is mounted to a motorized
translation stage, and an IR camera records imaged from above. A sample IR image is shown, a droplet
evaporating on a heated substrate and local cooling in both the droplet and substrate surrounding the droplet
are noticeable. Visible condensate is visible on a translating Si substrate.

4.1.3. EVD Procedure

A fresh ultrasonicated GO-water solution is inserted into a glass 100uL gas tight syringe.
The syringe in attached to a laser patterned substrate, which is cleaned using a bath sonicator
proceeding past experiments. Placing into position, the syringe in connected to the syringe
pump and the substrate is mounted to the electric heater to elevate the temperature to a
desired condition. A fresh silicon wafer is attached to the motorized translation stage, and
translated into position. A moderate infuse rate (50nL/s — 100nL/s) is used to form a droplet
on the heated substrate, and switched to a reduced flow rate to maintain a steady state
evaporating droplet at a desired contact angle (Mpump = Mevap, Where the value is dependent

on the droplets contact angle and substrate temperature 7). Once the droplet becomes
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stable (i.e., volume fluctuations are within ~6%), a command is sent to the motorized stage
to translate a specified horizontal distance and speed. It is discovered through extensive
testing, that the deposition rate and condensation rate are highly dependent on (1) the
height difference between the droplet apex and silicon wafer (deposition substrate); (2) the
translation speed of the silicon wafer; and (3) the substrate temperature/droplet evaporation

rate (both are coupled to each other).

4.2. Controlled Condensation Rates

Controlling condensation rates is an important aspect when ‘engineering’ this EVD tech-
nique for large scale, uniform deposition of materials. To produce uniform deposited materi-
als, the reduction/suppression of dropwise condensation will overcome the coffee-ring effect
(discussed previously). Throughout this work, there was no detection of deposited GO when
condensation is not present. It is believed there is a thermodynamic energy limit that exist
for graphene (or any atomic/nano-sized particles) to tag along with the vapor molecules.
This energy barrier is overcome with the short transfer gap between the evaporating droplet
and nuclei formed on the above substrate (hypothesized to be similar to an electrical dis-
charge). Another hypothesis is the energy barrier associated with the GO flake adhering
to the substrate. The air molecules on the substrate surface must be removed as the GO
flake replaces them. This process is overcome by the vapor molecules condensing, forming
droplets over time. Any GO particle can be readily captured and deposited onto the surface
as the small condensate evaporates. Regardless of the physical phenomenon which occurs,
no deposition is achieved/detected when no condensation is present. While the theory ex-
plaining this hypothesis is not discussed, attempts to provide arguments for this is done
experimentally by controlling the condensate nuclei size and report the effect on deposition.

It is hypothesized that maintaining the smallest droplets (nm in radius) mitigates the capil-
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lary flow effects causing the non-uniform deposition at the liquid-vapor interface [44, 53, 55].

Thus, presenting a uniform, liquid solution based deposition technique.

4.2.1. Effect of Substrate Position on Droplet Evaporation Rates

Experiments are performed to evaluate the possible effect placing a substrate above an
evaporating droplet has on the droplet’s evaporation rate. This is crucial toward the stability
of maintaining a steady state evaporating droplet. While steady state evaporation studies
are not the focus of this research, past work [104] is used for predicting the evaporation rate.
A quick verification that the substrate has no influence is beneficial for producing steady
state droplets by using work done previously [97].

Three main experiments were performed. While these tests were reproduced for further
verification, presenting the main cases will be sufficient for the present studies (again, steady
state droplet evaporation is not the main focus of this work). These three cases include: (i)
no substrate placed above an evaporating droplet; (ii) a Si wafer placed ~1.5mm above the
apex of an evaporating droplet (this will represent a substrate at a ‘moderate’ distance away,
an intermediate to no substrate and EVD experiments); and (iii) a Si wafer placed ~500um
above the apex of an evaporating droplet (this will simulate EVD experiments). The base
substrate (the substrate which the droplet is evaporating on) is elevated to a temperature of
T, = 60°C, which will be used during EVD experiments. The results for producing a steady
state evaporating droplet with a contact angle of & = 109° is shown in Fig. 4.3, where the
blue, red, and black curved represent cases (i), (ii), and (iii), respectively. Images captured
during an experiment for case (i) and (ii) are also shown in Fig. 4.3. Notice the condensation

forming on the substrate located above the droplet for case (ii).
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Figure 4.3: An analysis of the possible effect of positioning a substrate above an evaporating droplet on
the evaporation rate. The plot shows the attempts to replicate an EVD by forming a droplet with a contact
angle of 6 109° (V 2 2400nL). Tests include no above substrate (blue curve), a substrate ~1.5mm above
the droplet’s apex (red curve) and ~500um above the droplet’s apex (black curve). Steady state droplet
evaporation stability is not effected, and each data set for droplet evaporation rates (see inset) collapse to
one curve.

As shown by the data, the stability to maintain steady state evaporating droplet is not
effected with the placement of a substrate above the evaporating droplet. In these studies, an
infuse rate of 14.1+0.3nL /s is used to maintain steady state. The volume fluctuations remain
within 6%, which is determined to be an acceptable amount as the resulting fluctuations in
the apex height are minimal in regards to the distance between the above substrate. Once
the experiment time has reached 10 minutes (the predicted amount of time which will be used
during EVD), the pump is terminated and the droplet is left to evaporate completely. When
measuring the evaporation rate, and normalizing the three experiments (see inset in Fig. 4.3),
the evaporation rate all match well with each other and the infuse rate used. For case (iii) (no
optical image shown, but represented by the black data curve in Fig. 4.3), larger condensate
formed compared to case (ii) shown in Fig. 4.3. Comparing to case (i) with no substrate, it is
predicted the vapor concentration surrounding the evaporating droplet is higher (i.e., closer

to saturation thus having a smaller gradient). Reducing the vapor concentration gradient

38



between the environment and liquid vapor interface will cause a reduction in evaporation rate
when diffusion is dominant (e.g., droplet evaporation at room temperature) [55, 102, 121,
122]. The dominance of diffusion is mitigated at elevated substrate temperatures, thus less
influential to vapor concentration gradients. The normalized evaporation curves all collapse
to one (see Fig. 4.3 inset), further proving the substrate has no effect on the droplets

evaporation rate at elevated substrate temperatures.

4.2.2. Speed and Height Dependence on Condensation Rates

Of course, there is a position such that the translating substrate may be considered
‘far field,” such that its presence has no effect on the vapor convection patterns induced by
the evaporating droplet. As the substrate moves from ‘far field’ to an influential position
(‘near field’), the vapor will begin to condense on the substrate (assuming the substrate is
stationary). Alternatively, a substrate translating in the ‘far field’” will cause a larger area
of condensate, effectively reducing the condensation rate over a local area. In this case, the
condensate will evaporate before it will accumulate/coalesce to form visible droplets. As
the translation speed slows, the effective condensation rate over a local area increases (while
the evaporation rate remains constant) causing droplets to form. Further reduction of the
translation speed simply increases the local condensation rate and forms larger droplets.
Therefore, there is a strong coupling between the substrates distance and its translating

speed to the condensation rate on the substrate being deposited.
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Figure 4.4: Experimental data collected for determining the approximate limitations for obtaining con-
densation on a translating substrate. Shaded regions are included as the predicted limitations of a ‘far field’
substrate and a combination of high translation speed and far field such that no vapor condenses onto the
translating substrate.

These ‘far field’ regions are predicted experimentally. By performing various tests with
different height distances and translation speeds, the experiment is marked as either visible
condensation or no visible condensation. Compiling the data, estimations of the ‘far field’
regions may be predicted as shown in Fig. 4.4. At approximately 2mm from the droplet’s
apex, the substrate did not accumulate any visible condensation (regardless of speed). The
speed and height dependence is more difficult, and may include a larger transition region
(where nucleation may or may not occur for the same conditions). Nevertheless, this region
is approximated to the best knowledge, as shown in Fig. 4.4.

There is a speed and height dependence on the size of the condensed droplets, which is
a more crucial study for this work. As condensation droplet size is the main focus of this
study, a careful selection of speed and height will produce large or small droplets (where

small droplets are beneficial toward uniform deposition). For example, three experiments
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performed at different translation speeds and height are shown in Fig. 4.5. The size of
droplets condensed onto the silicon substrate can be seen clearly in the IR images. For a slow
translation speed (10um/s, see Fig. 4.5a), droplets as large as V' = 12nL accumulated from
condensation. With a higher height difference and faster translation speed, the condensate
size reduced to V' < 2nL (see Fig. 4.5b). Further increasing translation speeds kept droplet

nuclei volume V' < 15pL with a droplet radius of R < 30um (see Fig. 4.5¢).

a) b) c)

Viaee = 10um/s; AH =~ 100pum V. 50pm/s; AH ~ 200pm Viage = 150um/s; AH = 200pum

stage = ’
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Figure 4.5: Images captured during experiments to demonstrate the range of condensate formation on a
silicon substrate. Top images are optical imaging of a steady state evaporating droplet, and bottom images
are IR images taken from above at the same time instant. As the speed increases from (a) 10um/s to (c)
150pm/s, the condensation rate is reduced to minimize droplet coalescence.

Although these general transition regions (based on Fig. 4.4) are rough approximations
based on experimental data, it provides some assistance in being able to predict if large
droplets will form (i.e., slow speed and small height difference) or small droplets (i.e., fast
and/or large height difference) will be present. Avoiding extensive and rigorous experimen-

tal testing and backing with theory, this is a sufficient approximation for the present study
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(where a large focus is simply proof of concept of evaporative vapor deposition of materi-
als). In further (future) studies, where this methodology is being developed and fine-tuned
for producing large scale monolayer materials, an in-depth investigation of controlling the

condensation rates and nucleation size will benefit deposition production greatly.

4.3. Raman Scans for Deposition Detection

Characterizing the deposited GO flakes (e.g., size, quality, thickness, etc.) is crucial
toward further implementation, and quick tests/verifications are necessary. As past reports
have discussed, there are a wide variety of techniques for studying graphene although are
impractical for searching for graphene. Optical contrast of monolayer materials is minimal,
even which carefully selected SiO, substrate selection [65]. AFM is highly impractical to scan
substrate sized regions (on the order of cm?), and TEM imaging is a destructive test [73].
Thus, the rise of Raman spectroscopy for detecting graphene has been a major contribution
toward graphene studies [74-76].

For this work, a Renishaw inVia Raman Spectroscope, 60mW laser at a wavelength of A =
532nm is used. A low powered laser is beneficial, avoiding possible burning of the deposited
material. Tests were performed with various laser powers, where a reduced laser power
produced a lower signal intensity. Because no damage was found using the highest laser power
setting, max power is used for its high signal/noise ratio. The wavelength is important when
trying to characterize graphene/GO flakes (e.g., monolayer vs. bi- and tri-layer graphene)
as minor deviations are present between different laser wavelengths [74]. Although, the
main characteristic peaks of graphene/graphite remain at ~1350cm™!, ~1580cm™!, and

~2700cm ™!,
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4.3.1. Analysis of Graphene Visibility on Si/SiO,

One of the biggest challenges in detecting graphene (especially flakes at atomic thick-
nesses) is its lack of optical contrast. This is believed to be a major contribution its late
discovery despite past efforts to experimentally produce it [11, 21]. It was reported that
careful selection of the substrate (namely 90nm or 300nm SiO, on Si wafers) darken mono-
layer graphene flakes to be optical visible. Even so, the visibility of graphene on these ‘ideal’
substrates remains faint.

Refractive index theory details why the contrast is influenced by the thickness of the
Si0, thickness, and can be used to seek possible alternatives to increase monolayer graphene
contrast. A simple schematic of a monolayer graphene flake on a Si/SiO, substrate is shown
in Fig. 4.6. Graphene (monolayer, with a film thickness of t = 0.34nm) has a light refractive
index (n) of ny = 2.6—1.3i [123]. The complex component of the refractive index is excitation,
relating to the absorption of light as it passes through (whereas the real component is related
to how light passes through). This value may be approximated as a constant, therefore
independent of thickness and wavelength (importantly, this theory is useful for analysis of
monolayer graphene to bulk graphite). The refractive indices of silicon (Si) and silicon oxide

(Si09) are functions of wavelength (see Figs. 4.6b and 4.6¢) [124].
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Figure 4.6: a) Schematic representing a monolayer of graphene on a Si/SiOs substrate. The refractive
index for monolayer graphene is n = 2.6 — 1.3¢ and air is n = 1. SiOs and Si are functions of the light
wavelength, shown in (b) and (c), respectively.

To determine the contrast of monolayer graphene on a Si/SiOs substrate, an analysis of
the intensity of reflected light (1(n,)) is calculated through geometry of light refractions and

the phase shift during optical transmittance [21], shown in Eq. (4.1)

I(ny) = (rlei(<1>1+<l>2)+r267i(q>17®2)+T367i(<1>1+<1>2)+T1T2T36i(<1>17<132))

2
x ((P1H®) gy i @1m02) g pmi(Pr2) r27~3@i(¢’1—¢>2>)‘1 (4.1)
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with the relative refractive indices (r;) as

nj—1 — Ny .
r,=——7 =1,2,3, 4.2
J n_1+n; J (4.2)
and the phase shifts represented as
2t ;
o, = % j=1,2. (4.3)

The refractive index (n;) and the thickness (¢;) corresponds to the material shown in Fig.
4.6. For example n; = 2.6 — 1.6 for graphene, with a thickness t; = 0.34nm. The silicon
is the base substrate, therefore its thickness (300-600um in the present studies) may be
approximated as t — oo compared to graphene and SiO, layers. This eliminates the phase
shift associated with the Si layer, ®.

Equation (4.1) is evaluated, and the results are shown in Fig. 4.7. The contract ratio
contour plot provides a visual of the level of contrast of monolayer graphene on various SiOq
thicknesses at a given light wavelength. A color plot is included along the wavelength axis
to relate to the colors in the visible spectrum (e.g., ~750nm wavelength corresponds to red
light, and ~450nm wavelength corresponds to blue). The blue curve (right y-axis) represents
the average contrast over the visible spectrum (i.e., the approximate contrast of graphene
under white light). Contrast dependence on wavelength is shown for SiOs thicknesses of
Onm, 90nm, 300nm, and 500nm. This shows the difficulty in visually finding graphene, as
the contrast intensity on pure Si (SiOs = Onm) is near zero. A maximum contrast is at an
SiOq thickness of ~90nm, although the industry standard is 300nm [4, 11, 64, 74, 79]. In
this study, pure Si (SiO = Onm) and Si with thermally grown 500nm SiOs are used. The
contrast of monolayer graphene on 500nm SiOs is slightly less than the standard 300nm SiO,,

although the present study is not focused on idealizing the method to produce monolayers.
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Therefore, typical depositions result in FLG and bulk thin film graphite flakes which are

easily viewed on any substrate under a microscope.
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Figure 4.7: The contrast of monolayer graphene on Si/SiOs substrates, based on the thickness of SiOq
and wavelength of light. (Left) The averaged contrast over the entire visible spectrum is represented as the
blue curve, where the grey-scale background is the modeled contrast at each wavelength. (Right) Contrast

of graphene as a function of light wavelength, for a fixed SiOs thickness. Note the maximum contrast at
~90nm, and nearly invisible at Onm.

4.3.2. Drop Casting for Baseline Reference

To provide a baseline reference for Raman detection of GO from vapor deposition, a GO
droplet was drop casted on a clean silicon wafer. Silicon is an ideal substrate due to its single
strong Raman shift (with a second order, relatively strong shift) which does not interact with
the Raman shifts of graphene/graphite [76]. The drop casting method is reviewed in Fig.
4.8a, and the results are shown in Figs. 4.8b and 4.8c. Drop casting is manually placing

a GO droplet on a silicon substrate and letting it evaporate. As discussed previously, this
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results in the coffee-ring effect. Scans are performed on a clean Si, FLG (the inner region
of the coffee-ring), and bulk graphite (on the dominant coffee-ring) shown in Fig. 4.8. The
Raman scans match the expected scans when comparing to literature [74]. Silicon has a very
strong Raman shift at ~522cm ™, with a second order shift over ~925-975cm ™" as shown in

the blue curve in Fig. 4.8c.
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Figure 4.8: a) Overview of the drop casting deposition technique, resulting in the coffee-ring effect. b)
Optical image of the dominant coffee-ring formation from drop casting a 0.1wt.% GO solution. Colored
spots represent location of the Raman scan shown in ¢). ¢) Raman scans performed to compare Si, FLG
and bulk graphite with literature. The Si peak is off-axis for clarity of all other peaks.

Scanning deposited GO regions caused a decrease in intensity of the Si peaks, which
is dependent on the thickness of the deposit. This is demonstrated by the decrease in
second order Raman shift in Si (~925-975cm ™! range) in Fig. 4.8c. Additionally, the inten-
sity of graphene/graphite Raman shift increases with increasing deposition thickness (i.e.,
bulk graphite has higher intensity than FLG). Comparing with literature, all three domi-
nant peaks are captured for GO. These peaks are the D-band (at ~1350cm™!), the G-band
(at ~1580cm™!), and the 2D-band (at ~2700cm™'). This also sets the baseline for future

experiments; comparing various other parameters such as curve fitting the 2D-band for ap-
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proximate thickness of the GO flake [74], and relative intensity of the D-band and G-band
for quality (i.e., amount of defects or oxygen functionalization) [76, 80, 125].

For example, there is a minor peak visible at ~1620cm ™, which is termed the D’ (see
Fig. 4.9¢). This peak is not commonly discussed in literature, and not always present due
to being buried in the G-band shift. Eckmann et al. [80] recently reported its significance
in classifying the type of graphene defect — based on the relative defect intensity ratio.
The defect ratio being the ratio of intensity between the D and D', Ip/Ip. Higher defect
intensity ratios are present for sp® functionalized graphene flakes (i.e., GO as in Fig. 4.9b),
while lower defect intensity ratios are measured for graphene flakes with holes (i.e., the
honeycomb carbon structure missing carbon atoms, see Fig. 4.9a). These ‘hole’ defects can
be caused by overexposure to ultrasonication [118], where energies sufficiently high can break
in-plane bonds (as opposed to breaking the much weaker out-of-plane van der Waals forces
to separate the graphene sheets). The small uncharacteristic peak present at ~2330cm™" is

caused by nitrogen (N3) in the atmosphere [125], which is occasionally captured with Raman

scans presumably based on the length of exposure or the signal to noise ratio.
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Figure 4.9: The quality of the deposited GO flakes, in regards to the defects, can be identified based on
the intensity of the Raman shift. The D-band (at 1350cm™!) with respect to the G-band (at 1580cm~!)
estimates the amount of defect. Hole defects (a) and sp® functionalization defects (b) are indicated by the
intensity of the D/D’ Raman shift, (¢). Raman data in (c) is normalized with respect to the G-band intensity.

4.3.3. Results for Evaporative Vapor Deposition

The resulting deposition achieved through the developed EVD technique is summarized.
First, an EVD experiment using pure Deionized (DI) water is done as a control/benchmark.
This experiment, which is predicted to show no graphene deposition, is crucial for affirming
that the deposited material source is the evaporating droplet and not captured as con-
tamination from the environment. Proceeding, the results of EVD with graphene oxide is
presented. Characterization of deposited GO is included, along with possible concerns and

improvements to increase throughput and uniformity.
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4.3.3.1. Null Experiment with Deionized Water

An experiment is performed without any graphene dispersion as a validation/benchmark.
The setup in this work is not ideal due to not performing deposition in a clean room. As a
result, there is dust and other contamination being deposited onto the substrate (e.g., dust
from the environment). While unlikely, it could be possible that a contaminant gathered
from the surrounding environment exhibits the same peaks as graphene (i.e., carbon-carbon
bonds). Therefore, a benchmark experiment without GO is performed simply by performing
a EVD experiment with the droplet of GO solution replaced with pure DI water (i.e., with
all other components identical to an EVD experiment, as shown in Fig. 4.2). Scanning
the deposited region, all particles did not exhibit the characteristic Raman shift of graphene,
thus refuting the possibility that graphene, or any other carbon based material with identical

Raman shifts, is captured from the surrounding environment.

4.3.3.2. Graphene Deposition

Silicon wafers are cut to an appropriate size for deposition. The cut Si wafers are placed
in an ultrasonic bath to remove any dust or Si debris that adhered to the substrate during
the preparation. To avoid any possible ‘false positive’ detection, wafers are never used in
multiple experiments. After EVD, the wafer is properly labeled and stored for potential

future re-analysis.
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Figure 4.10: Results of an Evaporative Vapor Deposition of graphene oxide (a), with moderately high
condensation. Optically visible GO flakes (b) and (c) are found. The Raman scan (d) is normalized to
the G-band intensity. (b) shows good crystalline quality with a high I /Ip ratio, and the 2D-band shows
characteristics of 2-5 layer GO. The surrounding discoloration is presumably due to the absorbed thin film
from the condensation, and showed no Raman shift.

Preliminary results from an EVD experiment is shown in Fig. 4.10, using a droplet of
Solution C (see Table 4.1). Due to the addition of NaCl (decreasing long term stability),
visible agglomeration is shown to occur during the experiment (see Fig. 4.10a). This is
expected to reduce the amount of deposition, but still successful as shown in Figs. 4.10b and
4.10c. Surrounding the GO flakes (consistent throughout the condensation region shown in
Fig. 4.10a), discoloration in the Si wafer is visible. This is presumably due to the absorbed

liquid thin film meniscus of DI water (the solvent) which does not evaporate [82, 126]. This
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region showed no Raman activity, and no significant alterations in the Si intensity /shift was
measured.

The main region of interest (ROI) is the deposited GO flake. The Raman shift (Fig.
4.10d) showed the expected D-, G-, and 2D-band shifts of graphene. A high I5/Ip ratio
demonstrates good crystalline quality for Fig. 4.10b (lacking hole/sp® defects, shown in Fig.
4.9). Additionally, the characteristic shape of the 2D-band matches closely with reported
2-5 graphene layers [74]. The 2D-band for Fig. 4.10c exhibits a smoother, single Gaussian-
like broad curve; characteristic of bulk graphite (>10 layers). It its current development,
this EVD technique is not able to produce specific GO thicknesses/quality. Nevertheless,
demonstration that different quality deposition is achieved opens for further development

for controlling these deposition qualities.

4.3.4. Raman Scans for Depth Testing

Raman spectroscopy may also be used for determining an approzimate thickness of mate-
rials. Based on the location on/in a material that a Raman laser is focused at, the intensity
of the materials vibrational modes (i.e., Raman shift) will change. For example, when a
laser is focused on the surface of a material the resulting Raman shift will be much more
intense compared to a signal where the laser is focused just above/below the material (caus-
ing a more diffuse laser beam and larger scattering). This is illustrated in Fig. 4.11. At
one distance, the Raman laser is focused on the deposited graphene (shown in blue) and
provides a high shift intensity of the D-band, G-band, and 2D-band. At the substrate is
raised (increase in z-location, focusing the laser on the Si substrate) the intensity of the
Si Raman shifts (first and second order shift at ~522cm™! and ~1000cm™!, respectively)
increases and the graphene peaks decrease. Comparing the intensity evolution over a wide

range on substrate vertical positions, the maximum is the position where the laser beam
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is focused; thus a reference where the surface of the material /substrate is. Therefore, the
position for a maximum Raman shift of a base substrate can be compared to the position for
maximum Raman shift of a deposited material (on the substrate) — the difference in vertical

position will provide an approximate thickness of the deposited material.
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Figure 4.11: Raman scans at two different focal distances, demonstrating the decrease in a substrate’s
Raman shift (Si) as a result of an increase in a deposited material’s Raman shift (graphene).

Further investigation is done regarding approximate EVD deposited graphene thicknesses.
A visual representation of the technique is provided in Fig. 4.12a. Two sample scans are
shown in Fig. 4.12b, focusing on the main characteristic Raman shifts of graphene and
silicon (the G-band at ~1580cm™" and the first order shift of Si at ~522cm™"). The red plot
represents a Raman scan which measured a maximum intensity of Si, and the blue curve
represents a Raman scan which measured the maximum graphene shift at a position of Az =
600nm. As expected, the Raman shifts of these two materials are inversely proportional to

each other (as the vertical distance is changed). To demonstrate an increase in thickness of
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graphene will cause a larger displacement Az needed to achieve the maximum shifts, a ‘thick’
graphene flake (see Figs. 4.12c and 4.12d) and a ‘thin’ graphene flake (see Figs. 4.12d and
4.12e) are tested. Additionally, the evolution of the intensity of Si and all graphene Raman
shifts are plotted over a range of z-positions. The intensities of each shift is normalized with
the maximum shift of that peak (e.g., G-band/G-bandy,.y) for clarity during comparison.
The ‘thicker’ graphene flake is determined based on the increase in contrast (i.e., darker)
compared to a ‘thinner’ flake. The results in Figs. 4.12c¢ and 4.12e match expectations. A
darker ‘thicker’ flake shows a larger displacement between the maximum Si and graphene
Raman shifts compared to the ‘thinner’ flake. Also, all graphene peaks follow the same trend;
the D-band, G-band, and 2D-band all collapse to one curve when normalized. Therefore,
any deterministic peak of the substrate/material can be analyzed to determine its vertical

position where the laser is focused.
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Figure 4.12: Raman scans for approximate graphene thickness. a) A schematic demonstrating the technique
used for measuring approximate thickness of GO deposits, along with z-location orientation. b) Raman shift
intensity differences based on focus location (red is focused on Si, blue is focused on graphene). d) Optical
image showing different thickness deposits (based on darkness of the material), and resulting Raman scans
showing the thickness of (¢) a thicker/darker flake and (e) thinner/lighter flake. The difference in location
of maximum Si shift intensity and any graphene shift provides the thickness

This technique proves to be more useful for thicker materials (compared to <Inm of
FLG), at least for the equipment used in this study. The resolution of the translation stage
with the Raman spectroscope is 100nm. Therefore, this technique is able to determine
the thickness of a material within 100nm. This, of course, is well beyond the resolution
needed for determining thickness of FLG (which is expected to be ~1-10nm [1, 11]). As
the development of this EVD technique is still largely in the development phase, a majority
of the GO deposits are larger agglomerated clusters (i.e., much thicker than FLG); thus a

useful technique is for this work.
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CHAPTER 5: IMPROVEMENTS IN EVAPORATIVE VAPOR
DEPOSITION

Proceeding the preliminary results, demonstrating the ability to deposit graphene through
the vapor phase, efforts are put toward refining and expanding the results. Importantly,
efforts are put toward localizing the deposition regions and performing additional charac-
terization of the deposited GO materials (e.g., XPS and AFM). Localizing the deposition
region will not only reduce the time needed scanning large regions for graphene (or any
deposited material) but important for implementing this technique in various applications.
Additionally, further characterization techniques (beyond Raman) are proposed to gain a
better understanding of the deposited materials and ultimately provide unambiguous vapor

deposition results.

5.1. Laser Etching Silicon Wafers for Deposition ROI

Creating a Region of Interest (ROI) is highly beneficial for reducing the Raman scanning
area for detecting graphene deposition. Additionally, localizing the deposition is beneficial
for other characterization techniques such as AFM and XPS, which might not have the
luxury of step by step magnification, or an in-situ optical camera like Raman. Therefore, an
ROLI is defined by laser etching squares on Si (overviewed in Fig. 5.1). As stated previously,
Si is IR transparent [100], therefore the laser etched ROI can be clearly seen from the back

side (see Fig. 5.1c) ensuring the deposition is occurring centered in the ROIL.
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Figure 5.1: Overview of laser etching Si wafers for defining a ROI during deposition. (a) Schematic showing
the process for water assisted laser etching wafers. (b) A laser etched square on Si, 1.5mmx1.5mm. (c¢) The
laser etched square position during EVD experiment, and the location of condensation/deposition centered
on this ROI.

A different approach for laser etching Si wafers is used compared to the process used
for acrylic polymer substrates detailed previously (see Fig. 3.1). The Si wafer is not trans-
parent to the laser wavelength (A = 786nm), but highly reflective [100]. Additionally, its
high thermal conductivity will require significantly higher laser pulse energies to ablate the
surface [127, 128]. Therefore, the application of an opaque film is necessary as with the
acrylic polymer substrates; but introduces further complications due contamination (even
proceeding proper cleaning procedures). Instead, a water assisted laser etching approach is
implemented, which in some ways analogous to the opaque film. The Si wafer is exposed to
the laser submerged in a DI water fluid cell instead of applying the opaque film (see Fig.
5.1a). An optically transparent fused silica glass window encapsules the water bath and Si

substrate. It is hypothesized that focusing the laser on the Si/H5O interface vaporizes the
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water, creating a highly accurate water-jet cutter. A Si laser etched square is shown in Fig.
5.1b, with an approximate etching width of ~30um. The resulting etching causes can be seen
in the IR camera, show during an EVD experiment, in Fig. 5.1c. To verify the laser etching
does not contaminate the substrate, Raman scans of the ROI after performing a proper
cleaning procedure [129] is performed. The optical images shows no visible defects/objects
(e.g., dust or other) and scans over arbitrary locations showed no distinct shift. Therefore,
it is affirmed the laser etching process does not affect the Si wafer ROI and deposition will

occur as it has in previous studies without a laser etched ROI.

5.2. New GO Solution for Increased Stability

Graphene dispersions in water are not stable, quickly agglomerating due to being hy-
drophobic [28]. Graphene oxide (graphene with oxygen functional groups such as epoxide,
carbonyl, and carboxyl) becomes hydrophilic, thus readily dispersible in water. Although,
GO still agglomerates in the presents of ions [120], thus highly pure DI water must be used.
Nevertheless, the agglomeration rate remains relatively high (for Solutions A and B used in
this work, see Table 4.1) and must be re-sonicated after a few hours. The experimental setup
used in this work benefited with the addition of NaCl (Solution C, see Table 4.1), although
significantly increased the agglomeration rate (deemed not unusable for EVD ~30 minutes
after sonication). The lack of long term stability is a significant issue, deposition rates be-
comes highly limited if only larger clusters are present. Thus, a new solution (Solution D, see
Table 4.1) was synthesized. Si and Samulski [118] reported a highly dispersible solution by
chemically reducing GO (removing residual oxygen functional groups) and introduces sulfite
(-SO3) which reduces the agglomeration between graphene sheets. The synthesis procedure

reported [118] is followed, and refer the reader for the details.

58



As shown in Fig. 5.2, the stability of the GO solutions is significantly improved. No
significant agglomeration occurs over a week after ultrasonication (Figs. 5.2a, 5.2b, & 5.2¢);
a significant improvement compared to other solutions discussed previously (see Figs. 4.1
and 5.2d). Stability allows longer EVD experiments for higher deposition concentrations
due to both (1) minimizing bulk graphene clusters too large for vapor molecules to transport
from forming and (2) long duration depositions (i.e., large scale/area deposition. A secondary
benefit of the sulfonated GO synthesis is the partial restoration of electrical conductivity, with
can be further restored (post deposition) to ~1/4" pristine graphene [118]. Overall, Solution

D shows significant improvements for stability and better suited for future applications.
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Figure 5.2: Long term stability of GO solution with sulfite groups (Solution D) compared to a GO-NaCl
solution (Solution C). Importantly, (b) and (d) represent two solutions both 24 hours after sonication.
Solution C (with NaCl additive) has a majority of GO precipitated while no noticeable precipitation forms
for Solution D (with -SO3).
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5.3. Multi-Step Deposition Process on Single Substrate

Versatility in material deposition (controlling size, thickness, etc.) is important to gain
interest in a wide variety of disciplines. In some cases, applications may require localized
deposition. This includes deposition within a defined location (with no deposition elsewhere)
and various material thicknesses on a single wafer. For example, fabricating a ‘master’ wafer
that has well defined and diverse graphene thicknesses across the wafer may benefit as a
calibration substrate for future research development. Additionally, limiting a multi-step
post processing after deposition to a single cycle (versus repeated for multiple substrates)
can significantly increase production output and reduce resources used.

To test/demonstrate the ability to achieve this with EVD), a single strip is patterned with
multiple ROI in a series. The substrate is translated over the evaporating GO droplet (as
shown in Fig. 4.2). Once the first ROI is no longer within the vicinity of the droplet (such
that no condensation will occur, empirically estimated), the translation speed is increased.
The increased translation speed (at a fixed AH) will decrease the droplet condensation size
(much like the preliminary results presented previously, see Fig. 4.5). This process can
be repeated over the entire length of the substrate, creating multiple regions of deposition
based on the size of droplet condensation (shown in Fig. 5.3). This methodology provides a
direct comparison of droplet condensation rate/size to deposition amount/quality. As all pa-
rameters (droplet size, vapor field convection pattern, dispersion quality, etc.) are identical
between each region, post-analysis can compare uniformity of deposition and concentration
of GO deposited side-by-side. This effort is to test the hypothesis that (1) large condensa-
tion droplets will result in deposition identical to drop casting and (2) minimizing droplet

condensation size will mitigate the coffee-ring effect, producing uniform materials.
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Figure 5.3: Multiple ROI are etched on a single Si wafer in series, each undergoing a deposition at a
different rate. After depositing at a speed vy, a the translation speed is increased (decreased) to ve decreasing
(increasing) the condensation rate for a different material thickness. This process can be repeated to obtain
various material thicknesses on a single wafer.

5.4. Importance of Deposition Substrate Heat Sink

Upon further testing, the importance of a heat sink being attached to the translating
silicon wafer became apparent. In efforts to improve the mounting system for the silicon
wafer, reveres tweezers were attached to the translation stages (see Fig. 5.4a). A non-
adhesive mounting approach is a more efficient for quick installation; most importantly, it
will keep the wafer surface clean (leaving no argument for contamination over the entire
surface). Performing identical experiments performed in Chapter 4 (specifically, Section
4.3.3.2), the wafer did not accumulate condensation (see, Fig. 5.4c) — regardless of the
height above the apex and translation speed (including stalled).

Analysis of the IR images captured show subtle localized heating within the standard
condensation trail (see, Figs. 5.4b & 5.4d). This heating is created by the vapor phase
(at a temperature below the substrate surface temperature, yet above room temperature
[104]). While this heating is minimal (~1°Cbased on IR measurements), it is hypothesized

that the vapor is increasing the surface to the saturation temperature — thus remaining as
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vapor. To correct this issue, the wafer is mounted to a heat sink to maintain the wafer at
a room (sub-saturation) temperature (shown in Fig. 5.4c). The heat sink is simply a large
thermal mass block of aluminum, left to equilibrate at room temperature (20°C). Effectively,
the base mount of the Si wafer is held at room temperature. The Si wafer has a high
thermal conductivity (~150W/mK), thus the localized cooling by the vapor phase does not
have enough energy to overcome the heat dissipation by the heat sink to cool the substrate
to sub-saturation temperatures. An alternative to mounting a heat sink includes cooling
the substrate (e.g., with a thermoelectric cooler), increasing the condensation rate (thus,

possibly increasing the deposition rate).
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Figure 5.4: A heat sink must be attached to the Si wafer to maintain its temperature below the dew point.
Without a sufficient heat sink (a), condensation will not from on the substrate (b). A heat sink (c) assists in
maintaining a sub-dew point temperature (room temperature) to promote condensation (d); thus depositing
GO.

62



5.5. Re-evaluation of Condensation Rates Versus Substrate Height

This section expands on the preliminary results presented in Section 4.2.2, specifically
Fig. 4.4. Tt was realized an approximate figure of merit will be highly beneficial in re-
gards to the scalability and reproducibility of this technique. While previous results (Fig.
4.4) were sufficient for preliminary ‘proof-of-concept’ work, the time permitted for detailed
analysis. Additionally, the laser etched ROI’s (a concept implemented post-section 4.2.2)
became crucial for defining a reference location to accurately compare condensation amount
at multiple translation speeds. To measure the condensation rates, an image analysis script
built in the ImageJ software [130] is used. For these experiments, an EVD procedure (see
Section 4.1.3) is replicated, replacing the evaporating GO solution with pure DI water. A
series of experiments, varying the translation speed while keeping the height difference (AH)
constant, are performed (see Fig. 5.5).

Using a laser etched Si wafer (see Fig. 5.1), the ROI is tracked using the IR camera.
The Si wafer is position so the ROI translates centered about the droplets apex. Once
the ROI passes over the evaporating droplet (specifically, once the back side of the ROI
square is ~500um beyond the droplet radius), an IR image is captured (see Fig. 5.5b). A
series of image manipulations (cropping, applying filters, etc.) are performed in ImageJ to
determine each condensate contact line and calculates the contact area of each. The sequence
of image analyses is overviewed in Fig. 5.5b. Proceeding, the droplet is assumed circular
to calculate the equivalent contact radius. The contact angle is assumed constant for each
(experimentally measured to be 40£1°). Therefore, the volume of each droplet (also summed
to find the approximate total volume of water condensed within the ROI) is calculated using
Eq. (3.1). Based on the total volume condensed during the duration the ROI is ‘exposed’ to
condensation (length of ROI (1500um) divided by the translation speed), the condensation

rate is calculated per unit area (within a 1.5x1.5mm square ROI).
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Figure 5.5: (a) Substrate translating over a steady-state evaporating droplet, with AH & 300um. (b) From
IR image (located above droplet), image analysis procedure (using a ImagelJ script [130]) used for detecting
condensate droplets. (c) Comparison of condensation (radii and number of droplets) based on substrate
translation speed (at a fixed AH of (a)). (d) Images from (c) are used to estimate the condensation rate,
plotted vs. translation speed. Results show condensation rate is independent of substrate translation speed.

A sample set of images is shown in Fig. 5.5 of condensation formed within the same ROI
and height difference. As the translation speed is increased, an increase in number of droplets
with a smaller contact area can be clearly seen. The total volume, although not apparent,
decreases with increasing speed. The increased translation speed ‘exposes’ the ROI to the
vapor convection of the droplet over a shorter duration. With this, the condensation rate
is dependent of substrate translation speed as shown in Fig. 5.5. This supports the initial
hypothesis (e.g., Fig. 4.4), that condensation rate is dependent on both substrate height

difference (AH) and substrate translation speed.
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Figure 5.6: a) Total volume of vapor condensed on the translating wafer at multiple height differences. b)
based on the total volume condensed and the translation speed, the condensation rate is calculated. Results
show height difference and translation speed both have an influence on the condensation rate.

Further testing includes repeating this series of tests at multiple AH to supporting the
height dependence on condensation rate. The total volume of vapor condensed follows a
hyperbolic trend (agreeing with ones intuition, see Fig. 5.6a). While the trends for each
AH seem to cross each other at slower translation speeds (e.g., higher condensation rate at
AH=400pm compared to AH=300um), the larger error bars is attributed to this. Shown in
Fig. 5.6a, the total volume of vapor condensed onto the substrate follows predicted trends.
As the substrate approaches a ‘stall’, the condensation will continuously accumulate (to a vol-
ume of V' — o0). Increasing the translation speed high enough will mitigate any nucleation
coalescence, thus seemingly eliminating condensation. When calculating the condensation
rates at various height differences, Fig. 5.6b shows a condensation rate dependence on both
translation speed and height difference. As hypothesized from preliminary results (see Sec-
tion 4.2.2), a conclusion is made on a height and speed dependence on the condensation

rate.

65



5.6. Improved Deposition Results

With the improved experimental setup detailed throughout this chapter, the deposition
quality made a significant improvement. The greatest limitation in quality deposits is be-
lieved to be both (1) the stability of the GO dispersion, and (2) the condensate size on the
Si wafer. Using a highly stable GO dispersion mitigated the agglomeration during an EVD,
and results show a significant improvement in the deposition concentration (see Figs. 5.7
and 5.8). Controlling the condensation rate/size (a combination of (i) translation speed,
Vitage and (ii) height difference between droplet apex and Si substrate, AH) will affect both
uniformity and concentration/thickness of the deposit. This is well demonstrated between
the results in Figs. 5.7 and 5.8.

Figure 5.7 overviews an EVD using Solution C with parameters: translation speed, Viage
= 50pm/s and height difference, AH = 500pum=+120pm. The condensate formed within the
ROI (see dashed lines, Fig. 5.7b) is large because of the droplet coalescence that occurs
during a lower translation speed (higher condensation rate, see Fig. 5.6). Viewing the GO
deposited (see Figs. 5.7c and 5.7d), a significant improvement in concentration is demon-
strated over previous depositions with Solution B’ (see Fig. 4.10). The Raman scans show
expected magnitudes of the D-, G-, and 2D-bands; comparable with the other results pre-
sented previously and validate the Sulfite functional groups have no effect on GO Raman
activity. The structure of the 2D-band leads to the assumption the images flakes are bulk

(>10 layers).
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Figure 5.7: a) EVD experiment using Solution C, Vi¢qge = 50um/s, and AH = 500um=+120pum. b) Above

IR image of (a). A significant amount of GO is shown in (c) and (d); with (c) near the center of the ROI
and (d) top right corner of the ROI in the IR image (b). Raman results (e) show deposits are GO.

As shown in Figs. 5.7c and 5.7d, the deposited GO lacks uniformity within the ROI;
presumably to due larger condensate reverting back to the capillary flow as with drop casting
(see Fig. 4.8). To support this conclusion, these results are compared to another EVD with
parameters: translation speed, Vg = 100pm/s and height difference, AH = 300pum=+804m;
mitigating droplet coalescence (see Fig. 5.8b). An overview of the entire ROI is shown in Fig.
5.8¢c. A zoomed in image shows that the flakes are still fairly cluttered, but these size flakes
are more dispersed over the entire ROI. While it is possible that monolayer GO is deposited
throughout the ROI (which went undetected due to lack of proper equipment such as AFM,

SEM or TEM), further work on controlling the condensation size remains the main argument
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for idealizing EVD. Additionally, non-monolayer deposits could be a result of the solutions
using in this work, where monolayer production with EVD becomes possible for a different
synthesis/solution. Nevertheless, a large contribution has been presented in development of
EVD for depositing GO, and opens a great number of future studies/development in large

scale production of 2D materials.

a)

Solution C

AH = 300pm
V = 100um/s

i
stage

Intensity (a.u.)

e e ~ L

1500

A " PWY Y PV Y
2000 2500 3000
Raman Shift (cm™")

Figure 5.8: a) EVD experiment using Solution C, Viiege = 100pum/s, and AH = 300pm=+80um. b) Above
IR image of (a). ¢) Deposition is less concentrated compared to Fig. 5.7, but more disperse. Raman results
(d) show the deposited flakes are GO and comparable to Fig. 5.7e.
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CHAPTER 6: CONCLUSIONS

6.1. Overview

A new technique is presented for depositing atomically-thin/2D materials to arbitrary
substrates, termed Evaporative Vapor Deposition (EVD). This work has focused on forming
thin film graphene oxide (GO) on silicon wafers. A droplet of a GO solution dispersed in
water is formed on a heated polymer substrate. From past work [97, 102], the droplets
contact line dynamics are controlled by a laser patterned trench. A fluid channel located
within the substrate allows continuous supply of GO solution to the droplet using a computer
controlled syringe pump, controlling the droplets contact angle. Carefully selecting the pump
rate, the inlet rate is matched to the droplets evaporation rate to from a constant volume
steady-state evaporating droplet [97].

A silicon wafer is translated through the vapor field of the evaporating GO droplet us-
ing a computer controlled translation stage. A large thermal mass (heat sink) is attached
to the wafer to regulate the temperature of the Si wafer, maintaining it below the dew
point to induce condensation. Dropwise condensation formed on the silicon wafer is mon-
itored using both optical and infrared cameras. The condensation rate is calculated to be
within ~50pL/mm?s — 500pL/mm?s and dependent on both (1) height difference between the
droplet’s apex and substrate surface and (2) substrate translation speed. The wafer transla-
tion speed dictates the condensate droplet size and quantity (i.e., total volume). Nano-sized
GO flakes carried through the vapor phase are captured in the condensate, depositing on
the translating wafer. Deposition rate is discovered to be dependent on the stability of the
solution and droplet condensate size. For example, deposition remained limited for solutions

which agglomerated over a short period of time. For highly stable well-dispersed solutions
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(i.e., Solution D, see Table 4.1), the amount deposited significantly increased. Additionally,
highly concentrated deposition regions were found for larger droplets (i.e., slow translation
speed resulting in significant droplet coalescence). Keeping droplet condensate small is hy-
pothesized to produce more uniform material deposits.

Characterization with Raman spectroscopy show expected shifts for graphene/graphite.
Preliminary results show various quality deposits (e.g., FLG shown in Fig. 4.10 to differ-
ent defect concentrations shown in Fig. 4.9). The deposition occurs at low temperatures
(<100°C) allowing direct deposition to arbitrary substrates; an advantage over CVD. Ad-
ditionally, increasing the vapor convection field (either increasing the size or number of
droplets) increases the deposition region — demonstrating scalability. This presented EVD
demonstrates a promising technique toward formation of large scale 2D materials with ap-

plications to developing new technologies.

6.2. Future Work

There is a large number of experiments which can really expand the characterization
and development of Evaporative Vapor Deposition; unfortunately, time did not permit to
work on them. First, expanding on the characterization of the graphene deposited with
AFM, XPS, SEM/TEM, etc. are in the works but scheduled after the completion of this
thesis. Raman spectroscopy provided great results, but limited to determining the thickness
of the deposited graphene. Additionally, a large advantage to EVD is the low temperature
deposition over CVD. XPS can compare the surface functionality of the EVD deposited GO
and compare to the solution itself, and test whether these functionalities are lost (in the case
of CVD, the extreme temperature strip the synthesized GO of various functionalities which

are needed for some technologies).
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A second important line of experiments of this work (also, are scheduled to be performed
after the completion of this thesis) includes deposited various materials. Molybdenum disul-
fide (MoS,) is another high interest monolayer materials which can be liquid exfoliated [44].
Monolayer Lithium Cobalt Oxide (LiCoOs) has interest in energy storage (e.g., battery
development), which is also in the process of being dispersed in a DI water solution at the
completion of this thesis. This series of experiments will demonstrate the versatility of EVD,
not limiting to the formation of GO. For updates/progress on this work, I refer the reader to
search for a peer-reviewed manuscript publication proceeding the completion of this thesis.

It is highly suggested to perform EVD within a clean room. There was a consistent
battle with contamination (e.g., dust) when exposing the wafer during deposition. The
quality of monolayer graphene (or other monolayer materials) is severely compromised with
contamination of dust, a main limiting factor to keeping this work as a ‘proof-of-concept.’
All characterization techniques (XPS, AFM, and Raman) become difficult to study with
contaminants, which will significantly reduce/eliminate when performed in a clean room.

Another important aspect of the developed EVD technique is the scalability, which was
not explored directly. All experiments used the same size droplet (R = 1200pum), thus
depositing over similar lateral dimensions. There are various methods for depositing on a
larger scale, including: (1) increasing the droplet size, (2) creating a series of droplets for
increasing the depth of deposition, and (3) a matrix of droplets. This requires additional
substrate fabrication techniques, mainly creating a large number of fluid channels within
the substrate. The fabrication techniques using in this work are not ideal for fabricating
such substrates, but there are various methods (e.g., photolithography) left to the reader
to investigate for creating such arrays of fluid channels for increasing the scale of EVD
deposition.

A large portion of this work is empirical. The ability for a vapor to carry nanoparticles

has been demonstrated, yet the mechanism remains unknown. The presence of a vapor phase
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cage structure of water may be entrapping nanoparticles, although only liquid phase cage
structures have been reported. Whether or not a cage structure exists in the vapor phase,
the mechanism for vapor to carry nanoparticle opens an interesting topic for theorists to

investigate.
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