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Abstract 

The technique of evaporative deposition is inexpensive, simple, and underutilized. The 

pattern from a desiccated droplet of solution indicates properties about the gas, liquid, and solid 

phase. When a droplet of liquid evaporates from a surface, the pattern left behind is unique to 

certain conditions. Research on the drying process and pattern formation benefit a range of 

industries including Inkjet Printers, material engineering, and medical applications. Scientists 

have researched evaporative deposition for decades and it is still considered to be in the early 

stages of its potential for applications. Many factors in the surface-liquid interface affect the rate 

of evaporation, the drying process, the droplet shape, the particle positioning, and the final 

desiccation pattern. The liquid phase was examined in several experiments using charged 

fluorescent microspheres. The pattern variability is a result of salt concentration, particle 

concentration, and particle type. The solid phase substrate was ruby red muscovite mica which 

presents a high energy surface when freshly cleaved. The surface energy of the mica was 

examined by aging the cleaved mica in the laboratory atmosphere as well as petri-dishes to 

observe the change with time. Additionally, the mica substrate was treated in an autoclave and an 

ethanol bath to investigate the use of freshly cleaved mica in virus fomite studies. The wettability 

and patterns are similar for the autoclave treated mica and air-cleaved mica of the same age. The 

ethanol bath mica had different wettability characteristics and desiccation patterns than the air-

cleaved mica and therefore the ethanol bath is not a suitable technique for high surface energy 

experiments with viruses. 

  



9 
 

 

  

Chapter 1: Technique of evaporative deposition 

  

The technique of evaporative deposition is inexpensive, simple, and underutilized. The 

pattern in the residue from a dried droplet of solution can tell us properties about the solution. 

When a droplet of liquid evaporates from a surface, the pattern left behind is unique to the 

properties of each interface. Scientists have researched evaporative deposition for decades, yet it 

is still considered to be in the early stages of its potential for applications. Evaporative deposition 

is a method of interpreting the chemistry of the surface, particle, and air interfaces. As a coating 

of liquid evaporates, the particles and substrate in contact with the liquid interact based on their 

properties. For example, when a person infected with the influenza virus sneezes openly, a liquid 

droplet from their sneeze contains the pathogen. This droplet will land on a surface and the liquid 

will eventually evaporate. Prior to evaporation, the droplet will spread when it contacts the 

surface with a diameter specific to the properties of the surface. The degree of spreading and the 

evaporation rate of the droplet can influence the viability of the virus [1].  

Evaporative deposition is a method of observing pattern formation of particles in a 

desiccated solution. The solution can be any combination of liquid containing colloids: coffee, 

nanoparticle slurries, blood, water, etc. Many factors affect the drying process and the 

appearance of the final residue pattern, also known as the desiccation pattern, left after the liquid 

phase evaporates. Evaporative deposition is used in bio-medical research. In 2010, samples of 

serum from patients with different conditions such as hepatitis, breast cancer, and lung cancer 

were deposited onto glass slides [2]. The repeated difference in the desiccation patterns between 

each medical condition is a sign that the simple, inexpensive technique of drying droplets could 

aid in future medical diagnosis.  
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 The flow of particles is observable in real-time to allow viewers insights into how the 

particles interact during the evaporation as well as the adhesion of particles to the substrate as the 

liquid phase evaporates. The adhesion of the particles to the substrate plays a role in how the 

patterns form. Inkjet printing is useful tool that relies on droplet thermodynamics to complete 

printing tasks. The flow of ink particles in the sessile droplets is dependent on the surface 

tension. Without the precise engineering of the Inkjet system to utilize the surface tension, the 

printed products could suffer non-uniform letters and concave ink spots [3]. Additionally, the 

spreading of droplets is important in the inkjet printing industry. The spreading ink must 

evaporate within a certain time before the next nearby ink droplet is deposited. The inks are 

characterized by the maximum spreading ratio and evaporation time scale; these components are 

important for engineering the inkjet printer. 

The particles in the sessile droplet flow perpetually until the contact line of the 

evaporating liquid moves past them. Many pieces of literature theorize the physics behind the 

surface tensions that cause the flow [4], [5]. Evaporation occurs fastest at the edge of the droplet 

which causes the fluid and particles to flow to the edge. The outward flow moves particles from 

the center of the droplet to the outer perimeter of the pinned droplet. This concept is capillary 

flow [6]. The convective flow, also known as the Marangoni flow, moves droplets from the outer 

perimeter upward and into the center of the droplet. During certain conditions, particles deposit 

at the edge leaving a ring residue, much like a dried coffee ring on a table [7]. 

The evaporation process is a glimpse into the pattern formation. Dissipative structures 

such as honeycomb patterns, concentric rings and parallel arrows have been reported and are 

linked to the particle properties, solution composition and surface conditioning [8], [9]. An 

experiment performed in Dr. Curry’s Surface Chemistry lab at the University of Arizona 
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examined the different residue patterns from solutions containing bacteria. The residue patterns 

of the same solution changed as the substrate was conditioned under the laminar flow hood in the 

lab [8]. Freshly cleaved mica was set to condition for a set period. When conditioned for a 

certain amount of time, droplets were deposited on the aged mica. As the age increased, the dried 

droplet residue changed. The residues were concentric rings when dried on freshly cleaved mica. 

Eventually the residue patterns looked like honeycomb. The surface conditioning led to a 

different residue pattern; this suggests the possibility of tuning the deposition residues to a 

desired pattern by changing the substrate. Much of the literature prior to this experiment 

examines altering the solutions rather than the substrate. Artists study evaporative deposition of 

paint and the crack marks that form as the residue. “Craquelure” patterns in old paintings can be 

a means of identifying the paint materials used in certain time periods. These crack patterns in 

paintings have allowed researchers to rule out imposter paintings [10]. The crack formation in 

desiccating paints and films occur by capillary pressure; the liquid recedes from an area in a 

desiccating film, putting tension on the film. The film cracks, releasing tension. The cracks can 

be predictable with knowledge of the right parameters. One notable characteristic is the film 

thickness; the crack spacing increases as film thickness increases [11]. The surface energy of the 

substrate determines the strength of the contact line. The contact line is the perimeter of the 

droplet where the contact angle is measured. A low energy substrate has a constant contact line 

[12]. As the droplet evaporates, the height of the droplet decreases but the diameter remains 

constant until a certain threshold is reached and the contact line moves inward.  

The evaporation of the droplet happens in two phases. The first phase begins when the 

liquid droplet is deposited and ends when the contact line begins to move inward. This duration 

is also referred to as the static phase. The second phase begins when the contact line moves 
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inward and ends when the liquid evaporates completely. This duration is also referred to as the 

dynamic phase. The pattern forms during the dynamic phase because the particles pin to the 

substrate as the contact line moves inward.  

The contact angle of the sessile droplets is a common measurement used to understand 

the surface energy between solids and liquids. Young’s equation (Equation 1) presents the 

relationship between the surface energy of the air, liquid, and substrate interfaces and the contact 

angle of the sessile droplet. When the air and liquid interface is static and the droplet volume is 

held constant, the contact angle of the sessile droplet changes based on the surface energy of the 

substrate.  

  

𝛾𝑙𝑣𝑐𝑜𝑠𝜃 = 𝛾𝑠𝑣 − 𝛾𝑠𝑙       Equation 1 

  

The solid-liquid interfacial energy is 𝛾𝑠𝑙. The liquid-vapor interfacial energy is 𝛾𝑙𝑣. The solid-

vapor interfacial energy is 𝛾𝑠𝑣. The contact angle shown in Figure 1 is indicated as 𝜃. 

 
Figure 1: Diagram of sessile droplets showing (A) with a small contact angle relative to (B) with 

a large contact angle 
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Chapter 2: Particle & Substrate Properties and their Interactions 

In the lab experiments, different particles were used in the droplet solutions because 

different sizes, shapes, and charges affect the patterns and evaporation process. The range of 

particles used in the experiment allow for residue pattern anisotropy. A recent analysis of droplet 

residues showed that solutions will deposit different residues based on different solution 

hydrophobicity. In this experiment, seven solutions containing fumed silica with different SiOH 

concentrations showed residues of high SiOH having nearly all the particles concentrated at the 

outer perimeter of the residue whereas the residue of low SiOH showed particle concentration 

increasing from few at the perimeter of the residue to the majority at the center of the residue 

[13]. The substrate in this case is glass; glass is known to have a negative charge. 

The surface tension of the evaporating droplets plays a role in the final residue. The 

surface tension of nanofluids increases as the particle concentration increases after a certain 

concentration threshold. Additionally,  et al  showed that the surface tension increases as the 

particle size increases when concentrations were above 5 wt.% [14]. The addition of salts to the 

solution will increase the surface tension while the addition of surfactants to the solution will 

decrease the surface tension. 

Microspheres 

Polystyrene microspheres are used in several biomedical applications as a type of 

injectable synthetic biomaterial. The microsphere applications include their use as bulking agents 

for body tissues [15] as well as tumor suppression [16]. The microspheres can target organs and 

specific cells to aid in drug delivery [17]. Additionally, the microspheres were used to 

intentionally block the artery that feeds the tumor in a liver cancer treatment study. For these 
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applications, different bioactive compounds are added as a coating to the sphere to gain desired 

chemical properties [18]. The polystyrene microspheres are manufactured to have different 

chemical properties; different surfaces can be engineered to have positive or negative charges. 

Biodegradable and non-biodegradable microspheres are produced based on their intended 

application. Recently, bacteria were used to form bacterial cellulose over microspheres. The 

bacterial fermentation process for coating on the microspheres is a novel idea that will be useful 

in biochemical applications [19]. For this study of evaporative deposition, non-biodegradable 

fluorescent microspheres are used. The polystyrene microspheres are used in our lab to create 

consistent, repeatable, solutions. Three types of fluorescent microspheres (Life Technologies) are 

used in this experiment because it is suspected that different charges of the particles play a role 

in the final pattern. Table 1 presents the properties of each microsphere solution. The amine-

modified Fluospheres are polystyrene microspheres that have hydrophilic and positively charged 

amine groups on the surface layer of the particle. The carboxylate-modified Fluospheres are 

hydrophilic and have a porous surface layer. The surface charge of these microspheres range 

between 0.1-2.0 millequivalents/gram. The sulfate-modified Fluospheres are hydrophobic and 

will bind to a hydrophobic molecule [20]. The charges of the particles could play a role in the 

final residue. An estimation of microsphere concentration is calculated using Equation 2 given 

by Molecular Probes.  

Number of Microspheres/mL = (6 ∗ 𝐶 ∗ 1012)/(𝜌 ∗ 𝜋 ∗ φ3)   Equation 2 

The concentration, C, of the beads in suspension measured as g/mL. φ is the diameter of 

the microspheres in microns. The density of polystyrene, 𝜌, is 1.05 g/mL. Each of the three 

fluorescent microsphere solutions arrive as 2% solids (0.02g/mL). Prior to droplet production, 

the solutions are diluted to a 0.002g/mL solution. The particle concentrations are kept equal for 
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each microsphere solution. To examine the effects of sonication, the solutions sat for three 

weeks. The solutions were vortexed and deposited as 5uL droplets on fresh mica. Next, the same 

solutions were sonicated for three minutes. The dried residues of sonicated microspheres and 

non-sonicated microspheres are very similar; sonication did not cause the microspheres to 

produce different residues during desiccation. 

  

Particle type Particle 

size 

Specific Surface 

Area 

Charge pH of usable 

working range 

Amine Modified 

Fluospheres 

1.0 µm* 5.2 x 104 cm2/g* 0.0143 meq/g*  pH < 9 

Sulfate Modified 

Fluospheres 

1.0 µm 5.7 x 104 cm2/g 0.017 meq/g 3 > pH < 12 

Carboxyl Modified 

Fluospheres 

1.0 µm 5.2 x 104 cm2/g 0.0175 meq/g 6 > pH < 12 

Table 1: Microsphere information 

*[21] 

**[22] 

***[23] 

  

Nanoparticles 

Engineered Nanoparticle (ENP) publications are exponentially increasing; new 

applications for ENPs arise often. Many different types of nanoparticles are used in research that 

benefits biomedical pathways through drug delivery [24]. Additionally, the semiconductor 

industry uses nanoparticles as abrasives [25]. ENPs are also as a tool to produce other materials, 

such as other nanoparticles! The Galvanic replacement technique produces desired shapes such 

as the gold check mark nanoparticle created from Tellurium [26]. ENPs are in consumer 

products because they have beneficial properties; colloidal silica (CSiO2) nanoparticles are used 

as an additive to control the rheology of certain fluids [27]. Everyday household products contain 
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silica nanoparticles such as your toothpaste. Engineering different surface properties of 

nanoparticles continues to be important in the semiconductor industry for chemical mechanical 

planarization and production of stable emulsions [28]. The wettability of the nanoparticles can be 

altered; the wettability of aluminum oxide nanoparticles was controlled in a study using 

hydrocarbons. The superhydrophobic aluminum oxide particles behaved as surfactants with 

contact angles around 150° while the superhydrophilic particles had contact angles of near 10° 

[29]. 

Dr. Chao Zeng provided the nanoparticles for the study. The four types of nanoparticles 

are used in chemical mechanical planarization (CMP) slurries to polish surfaces. Three of the 

four nanoparticle slurries contain additives. The purpose of additives to CMP slurries are to 

maintain a chemically stable slurry. The Alumina (Al2O3) nanoparticle slurry contains less than 

1% nitric acid. The colloidal silica (CSiO2) slurry contains less than 1% acetic acid. The fumed 

silica slurry contains less than 1% potassium hydroxide. Each slurry contains nanoparticles with 

different surface properties due to their surface charge and surface area, which are presented in 

Table 2. These four nanoparticle slurries are stable and non-toxic [29]. Since they are too small 

to be influenced by gravity, nanoparticles are primarily influenced by their surface properties. 

The surface charge of the nanoparticles keeps the particles from aggregating in water solutions 

that contain low amounts of salts. Particles repel each other over long distances. In a higher salt 

environment, the surface charge is screened and particles can approach one another more closely 

and there is a greater tendency for aggregation, as shown in Chapter 5. These interaction 

principles are well known [20]. 
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Table 2: Nanoparticle slurry information 

Slurry name Particle size Slurry pH Additive Zeta Potential (mV) 

c-SiO2 37.4±0.5* 3.3 Acetic acid <1% -17.1±.1 

f-SiO2 168.1±3.5* 10.6 Potassium hydroxide <1% -51.9±2.6 

CeO2 89.4±1.4* 4.0 None 37.5±1.2 

Al2O3 124.6±2.3* 4.3 Nitric acid <1% 59.7±1.4 

*Hydrodynamic diameter determined using DLS [18] 

 

Substrate 

The surface that the droplets are drop cast on is referred to as the substrate. The substrate 

properties affect the droplet spreading and desiccation pattern. Common substrates in the 

literature include hydrophobic options such as glass and hydrophilic options such as silica and 

freshly cleaved mica. The substrate influences the particle pattern because the hydrophobicity 

can determine the spreading of the droplet during deposition and the duration until the contact 

line detaches from the outer perimeter. Mica is a unique substrate. The mica is cleaved open to 

expose a new layer that has not yet reacted with the atmosphere. When the mica is freshly 

cleaved, the new surface has a relatively high energy. In one study, the adhesion force of mica 

decreases over the course of 15 days with the largest decrease occurring in the first few days 

[21]. 

Overtime, the potassium ions on the surface of the mica react with the carbon dioxide in 

the atmosphere to create potassium carbonate crystals [22]. Potassium carbonate is soluble in 

water. In other words, the surface of mica should be more hydrophilic than freshly cleaved mica. 

Does that mean a droplet of water will spread thin across the surface? The potassium carbonate 

crystals increase the roughness of the surface. This could potentially inhibit the spread of water.  
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 The droplet diameter is dependent on several variables; the droplet volume before 

deposition is the simplest variable to hold constant. Prior lab work used 4-microliter droplets. 5-

microliter droplets are used for the droplet data used in this thesis. As the deposited droplet 

evaporates, a ring pattern forms around the perimeter of the original droplet circumference. The 

particle thickness and pattern design of the ring varies between drying conditions and particle 

type; therefore, the thickness and design are recorded. The spherical cap model is used to 

determine the contact angle of droplets when they are first deposited. The model requires the 

volume of the droplet and the radius of the spread droplet [23]. Figure 2 represents the geometry 

needed to calculate the contact angle. 

 

Figure 2: Spherical cap model used for calculating contact angles 

 The particles assemble into their pattern as the wet contact line passes through. The 

duration of the two drying phases are measured and made into a ratio of time that the pattern was 

forming during the entire evaporation time.  
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 Chapter 3: Experiment and Lab Conditions 

 The ruby red muscovite mica was cleaved in the lab under ambient conditions. The 

location of the lab is Tucson, Arizona. Fortunately, the relative humidity of Tucson is between 0-

10% and thus the lab does not experience a notable change in humidity. An exception to this is 

the July and August monsoons, which can lead to days with 50% humidity. For this reason, the 

experiments are not performed in a glovebox with controlled humidity nor performed on a 

relatively humid monsoon day. The Fluosphere microspheres are stored in a refrigerated room 

while the nanoparticles did not require refrigeration. Slight wind currents, a person walking past, 

a too sudden movement of the microscope stage, etc. can significantly interfere with the droplet’s 

drying process. The interference can be observed under the microscope. The desiccated residue 

of droplets that dry in a stick-slip motion are good indicators of potential drafts through the lab 

room. The direction of any draft will result in the concentric circle pattern in the residue from a 

stick-slip evaporating process to be concentrated on a location closer to the outer perimeter of the 

residue. 

The current focus in our lab is to observe the effects of aging the cleaved ruby red 

muscovite mica substrate and observing the changes in several properties of the drying droplets. 

The first and most obvious property is the droplet diameter immediately after deposition. The 

second property measured is the evaporation time of the droplet. The third property to observe is 

the characteristics of the particles during evaporation and the final pattern left from the residue 

after the liquid evaporates. The experiments in the lab observe droplet residues on mica under 

three different conditions that cause the mica to be chemically different. The first condition is 

freshly cleaved mica that is less than one minute “old”. The freshly cleaved layer is atomically 

flat and has not reacted with the components of the atmosphere [19]. Cleaving is done by prying 
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between the layers of mica to expose a “fresh” layer. The freshly cleaved layer is atomically flat 

and has not reacted with the components of the atmosphere [19]. Multiple layers could be 

cleaved from one mica piece. Freshly cleaved mica is ideal for surface experiments because pre-

existing material on other potential surfaces can alter patterns. The second condition is mica that 

is cleaved and then left to age in a laminar flow hood. This allows components in ambient air to 

react with the mica while the flow hood prevents dust from settling on the mica over time. The 

laminar flow hood contains many pieces of mica that are aging. One observation is that each 

piece of mica in the laminar flow hood that has aged for over two years has a layer of dust over 

the surface. The third condition is mica that is cleaved and then put into a petri dish. The 

Parafilm is used to seal the petri dish and lid together. The petri dish is out into a drawer in the 

lab to keep it away from sunlight and disturbances. The mica ages in the closed atmosphere of 

the petri dish.  

 The comparison of the mica characteristics in the three conditions is done through 

evaporative deposition of sessile drops. The aging conditions show a difference in the patterns of 

the dried nanoparticles, the diameter of the sessile drops and evaporation time. One potential 

difference between the laminar flow hood method of aging and the petri dish aging is that the 

petri dish is known to have a negative electrostatic charge when taken out of the shipping plastic. 

This charge diminishes after roughly fifteen minutes after being exposed to the atmosphere [24]. 

The mica is placed into the petri dish within fifteen minutes of the petri dishes being unwrapped 

from the shipping box. The desiccation patterns, diameter measurements, and evaporation 

duration will be discussed in chapter 4. 

The flow of particles is observed under an optical microscope. The particles move in both 

the outward flow and the Marangoni flow. The heat from the microscope influences the velocity 
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of the particles in the flow patterns. Further experiments could to focus on how the temperature 

difference of the microscope light affects the evaporation process. 

  Contact Angles of Water on Petri Dish Conditioned Mica 

The contact angles of water on the petri dish conditioned mica were measured at the 

Chemistry & Biochemistry Laboratory at the University of Arizona. The contact angle of water 

on freshly cleaved mica averaged 4 degrees. Mica conditioned in a petri dish for 1556 days has 

an average contact angle of 22 degrees. The water droplet does not spread to the extent of the 

droplets on mica aged for less time. The change in contact angle with change in conditioning 

time does not express a linear pattern during the overall increase, as seen in Figure 3. More 

measurements would strengthen the data trend. 

 

Figure 3: Contact angles of water on petri-dish conditioned mica 
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Chapter 4: Desiccation Patterns 

Nanoparticle Patterns on Mica 

Colloidal Silica Slurry  

The total desiccation time for the colloidal silica (CSiO2) slurry on petri conditioned 

mica increased as the conditioning time of the cleaved mica increased in the petri dishes. The 

total desiccation time for the C-SiO2 droplet on laminar flow hood mica increased as the 

conditioning time of the mica increased except for the oldest sample of laminar flow hood 

conditioned mica from January 21, 2014 that is about 100 seconds less than the trend. These 

trends are visible in Figure 4.  

 
Figure 4: Total desiccation times of colloidal silica slurry 

 

The time for the pattern to form decreases as the conditioning time of the mica sample 

decreases, shown in Figure 5. The rate of evaporation decreases as the surface area of the sessile 

drop decreases. The contact angle of the sessile droplet was calculated by using the measured 

diameter of the dried residues in the spherical cap model. The contact angle of each droplet 

roughly 20 seconds after deposition increases as the conditioning time of the mica increases with 
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both petri dish conditioned mica and laminar flow hood mica. The contact angles are shown in 

Figure 6.  

 

Figure 5: Conditioning time of mica and pattern forming time (% of total evaporation time) of 

colloidal silica slurry 

 
Figure 6: Contact angles and the corresponding conditioning time for colloidal silica slurry 
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being deposited; the duration of the dynamic time is greater than the duration of the static time. 

As the liquid evaporates, the dynamic time begins when the contact line moves inward from the 

perimeter, leaving a thin film pinned to the mica. The white perpendicular lines (cracks) appear 

at the perimeter after the contact line has moved a certain distance inward. The perpendicular 

cracks form at the same speed as the mobile contact line, but behind it. A white hazy line follows 

the cracks as they form. The parallel cracks between the perpendicular cracks form at the white 

hazy line. 

On fresh mica, the dynamic phase is about 75% of the total drying time. The droplets on 

the older samples of mica have a dynamic phase that is about 12% of the total desiccation time. 

This means that dynamic phase, or time for pattern to form, decreases as the mica conditioning 

increases. When viewing a sessile droplet of CSiO2 on fresh mica under the microscope, the 

crack pattern begins to form within a few minutes of the droplet being deposited. The colloidal 

silica film cracks. The cracks track where the contact line is as the solution is evaporating 

because the crack pattern forms following the contact line. 

In older petri dish conditioned and laminar flow hood samples, the droplet does not 

spread to the extent of younger samples. The droplet diameter of the petri dish conditioned mica 

and laminar flow hood conditioned samples that are about one year old is about 5-6mm. The 

mica that are conditioned for more than one year have diameters of 4-5mm. The static time is the 

majority of the total desiccation time for mica that has been conditioned for over a year, 

indicating that the patterns form much quicker than the fresh mica samples. The contact line 

remains pinned until a few minutes and even seconds before evaporation is complete. The 

pattern consists of cracks from the beginning of the pattern formation until the end when it 

reaches the center of the droplet. The crack patterns are consistently spoke-like as the 
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nanoparticles are the shape of spheres. Between several spokes, perpendicular cracks form. The 

spoke-pattern changes as the conditioning time of the mica samples increase; the “spokes” are 

plentiful and close together in the fresh mica and day-old samples. As the mica ages, the number 

of spokes decrease and form further apart. Figure 7 shows the change in patterns on mica at 

different conditioning periods.  
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(a) (b)  

(c) (d)  

(e) (f)  
Figure 7: Images of colloidal silica slurry residues deposited on (a) fresh mica, (b) 63-day 

conditioned mica, (c) 118-day conditioned mica, (d) 353-day conditioned mica, (e) 448-day 

conditioned mica, and (f) 1463-day conditioned mica 
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The consistency of cracks for different mica sample ages are not dependent on the 

volume of the droplet; the space between cracks at the perimeter are related to the film thickness 

(Figure 8) [7]. The film thickness at the perimeter and center of the films were measured using 

the Alpha Step 200 profilometer in the Electrical and Computer Engineering Lab at the 

University of Arizona. The film thickness at the perimeter is similar for the samples that have 

been conditioned for less than one year. The film thickness of the samples that are conditioned 

for 448 days and 1463 days are greater than the others. Table 3 presents the film thicknesses for 

each representative sample. Figure 9 shows the difference between film perimeter thickness and 

center swirl relative thickness. Figure 10 is an example of the center of the film on fresh mica. 

The film thickness varies throughout the film profile. The center of the film and imperfections in 

the film are locations where the thickness increases and decreases greatly in a short distance. The 

film residue from 448 days was analyzed further to observe sudden changes in film height. The 

imperfection highlighted in Figure 8 presents a location where the film thickness decreases by 

1.2 μm. Cracks are present in the location with the thicker film and no cracks are present in the 

thinner film. The crack spacing and film thickness at the perimeter of the samples were plotted 

on a graph with previous crack spacing and film thickness (Figure 11). The films in this thesis 

are much thinner than the thinnest films in the previous publication, yet the data points follow 

the trend [11]. 

Table 3: CSiO2 film thickness 

Conditioning 

Time (days) 

Film thickness 

(nm) 

Center Swirl Relative 

Thickness (nm) 

1 2240 2705 

97920 2353 3765 

169920 1739 3459 

498240 2021 2084 

645120 9912 2019 

2106720 10940 3713 
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(a) (b)  

(c)  

(d)  

(e)  

Figure 8: Film thickness at an imperfection in a colloidal silica film on a sample of mica that was 

conditioned for 448 days. (a) the entire CSiO2 film area (b) close-up area with area of interest in 

red square (c) 3-D AFM image of the red square (d) 2-D AFM image of the red square with the 

green line indicating the film height that is graphed in (e) the profile graph for the area of interest 
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Figure 9: (▲) The film thickness at the perimeter of the drop and (□) the change in thickness at 

the center swirl 

 

 

 
Figure 10: Center swirl in CSiO2 Film on fresh mica 
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Figure 11: Comparing lab data (▲) with previously published data (□) [7] of silica nanoparticle 

film crack spacing as a function of film thickness 
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Fumed Silica CMP Slurry  

The total desiccation time for the F-SiO2 slurry on mica increased as the conditioning 

time of the cleaved mica increased in the petri dishes and the laminar flow hood. This trend is 

shown in Figure 12. The immediate contact angle of each droplet increases as the sample 

conditioning time of the mica increases with both petri dish conditioned mica and laminar flow 

hood mica. Figure 13 is a graph of the contact angles.  

 
Figure 12: Total desiccation time for fumed silica 

 
Figure 13: Conditioning time of mica and pattern forming fraction (% of total evaporation time) 

for fumed silica 
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For the fresh and day-old petri dish conditioned samples and similar aged laminar flow 

hood samples, the droplet spreads immediately upon deposition to a diameter of 8.6 mm with an 

average contact angle of 5°. For these samples, the contact line is mobile within a few minutes of 

the droplet being deposited; the duration of the dynamic time is greater than the duration of the 

static time. The time for the pattern to form decreases as the conditioning time of the mica 

sample decreases. The trend is visible in Figure 14.  

 
Figure 14:  Contact angles at corresponding conditioning times for fumed silica 

  

When viewing under the microscope, the irregular crack pattern begins to form within a 

few minutes of the droplet being deposited. The cracks are curved and make small divided 

sections, or “rooms”. These sections remain transparent while other curved cracks quickly appear 

toward the center of the sessile droplet. Seconds after the cracks appear, the “rooms” turn change 
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center than the perimeter are more perpendicular. There are snowflake-like crystals within the 

“rooms” between the cracks (Figure 15). 

 

  

Figure 15: Brightfield image of the perimeter of the fumed silica film on fresh mica 

Under dark field microscopy, the region further toward the center is dark blue between 

the cracks with no crystallization. A dark blue color is uniform from where the cracks cease until 

the center. The sessile droplets on the mica used within three hours of being cleaved had an 

average desiccation time of 926 seconds. The time for the pattern to form consisted of an average 

of 73% of the total drying time. The diameter of these samples is about 7.9 mm with an average 

contact angle of 5.0°. In petri dish conditioned and laminar flow hood samples that were 

conditioned for over one year, the droplet does not spread to the extent of younger samples. The 
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sessile droplets have an average diameter of 4.9mm with an average contact angle of 27°. The 

total desiccation time increases as the mica conditioning time increases; the mica that was 

conditioned in a petri dish for 11 months have an average diameter of 5.8mm with an average 

contact angle of 14.9°. The total desiccation time increased to an average of 1200 seconds. The 

residue of mica that was conditioned for 353 days is different than the residue of the mica that 

was aged for 118 days; The 118-day conditioned mica is very similar to the residue on the fresh 

mica while the 353-day conditioned mica has U shaped cracks that are less in quantity. There are 

thinner cracks between the U shapes cracks. The film between the cracks are light blue with 

large white particles. The film in the center of the residue has several unorganized white 

particles. The trends in diameter and desiccation time continues as the mica conditioning time 

increases; the mica that was conditioned for over one year have an average desiccation time of 

1310 seconds. The pattern forming time decreased as the conditioning time of the mica 

increased. The oldest sample was conditioned for 1493 days; the duration of pattern formation 

was 12% of the total desiccation time. The total desiccation time for this sample was 1690 

seconds. The diameter of the sessile droplet is 4.6mm. The static time of the older samples is 

nearly the entire duration of the evaporation time until seconds before desiccation. The contact 

line remains pinned until a few seconds before evaporation is complete. The perimeter of the 

droplet has a constant height while the height of the center of the droplet decreases. Seconds 

before total desiccation, the droplet is a donut shape. The center dries before the outer perimeter 

dries. When the center dries, the clear outer perimeter becomes white, then blue. The pattern 

consists of organized (relative to fresh samples) cracks only in the outer perimeter in a ~1mm 

thick band. The outer perimeter is a band of white. The film between the cracks contains white 

particles. The center of the residue is a film with several white particles. Other than contained 
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cracks around the particles, the center region is smooth. Overall, as the mica ages, the number of 

cracks decrease and form further apart. Figure 16 shows the change in patterns on mica at 

different conditioning times. The consistency of cracks for different mica conditioning times are 

not dependent on the volume of the droplet. 
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(a) (b)  

(c) (d)  

(e) (f)  

Figure 16: Images of fumed silica slurry residues deposited on (a) fresh mica, (b) 63-day 

conditioned mica, (c) 118-day conditioned mica, (d) 353-day conditioned mica, (e) 448-day 

conditioned mica, and (f) 1463-day conditioned mica 
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 Ceria CMP Slurry  

The total desiccation time for the ceria slurry on mica increased as the conditioning time 

of the cleaved mica increased in the petri dishes and the laminar flow hood. The desiccation 

times are graphed in Figure 17. The immediate contact angle of each ceria droplet increases as 

the sample conditioning time of the mica increases with both petri dish conditioned mica and 

laminar flow hood mica, shown in Figure 18.  

 

Figure 17: CeO2 Total desiccation time for ceria slurry 

  

 
Figure 18: Conditioning Time of Mica and Pattern forming time (% of total evaporation time) for 

ceria slurry 
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For the fresh and day-old petri dish conditioned samples and similar aged laminar flow 

hood samples, the droplet spreads immediately upon deposition to a diameter of 9.3mm with an 

average contact angle of 3.1°. For these samples, the contact line is mobile within a few minutes 

of the droplet being deposited; the duration of the dynamic time is greater than the duration of 

the static time. The time for the pattern to form decreases as the conditioning time of the mica 

sample decreases, shown in Figure 19. When viewing under the microscope, the contact line 

moves smoothly toward the center, pinning particles as the water line moves inward. The final 

residue of sessile droplets on fresh mica consists of an outer region with no cracks. The 

perpendicular lines of dense particles are from a pinning contact line. There are perpendicular 

bands of particles that are less dense between the denser bands. 

 
Figure 19: Contact angles and the corresponding conditioning times for ceria slurry 

 

The sessile droplets on the mica used within three hours of being cleaved had an average 

desiccation time of 690 seconds. The time for the pattern to form consisted of an average of 55% 
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total desiccation time increases as the mica conditioning time increases; the mica that was 

conditioned in a petri dish for 11 months have an average diameter of 5.5mm with an average 

contact angle of 17.8°. The total desiccation time increased to an average of 1060 seconds. The 

residue of mica that was conditioned for 353 days is different than the residue of the mica that 

was aged for 118 days; The 118-day conditioned mica is very similar to the residue on the fresh 

mica while the 353-day conditioned mica has a band of cracks around the perimeter that have no 

clear organization. The 353-day conditioned mica has a perimeter with most of the cracks 

parallel to the center of the residue. The film in the center of the residue has a creamy appearance 

where particles have aggregated. The trends in diameter and desiccation time continues as the 

mica conditioning time increases; the mica that was conditioned for over one year have an 

average desiccation time of 1340seconds. The pattern forming time decreased as the 

conditioning time of the mica increased. The oldest sample was conditioned for 1493 days; the 

duration of pattern formation was 4% of the total desiccation time. The total desiccation time for 

this sample was 1100 seconds. The diameter of the sessile droplet is 5.6mm. The static time of 

the older samples is nearly the entire duration of the evaporation time until seconds before 

desiccation. The film shows particles with no clear organization throughout the residue. Figure 

20 shows the change in patterns on mica at different conditioning times.  

 The CMP slurries were sonicated to compare the desiccation patterns between sonicated 

and non-sonicated slurries. Both before and after sonication patterns are similar. SEM images of 

the CeO2 particles show aggregation of particles on the STEM grid in Figure 21. The particles 

may be aggregates in the slurry form or become aggregates during the desiccation process. In 

conjunction with the CMP slurry manual, individual particles are measured using SEM and are 

about 45 nm in size. Chao et al [18] measured the same particles using dynamic light scattering 
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(DLS) and concluded that the particles were greater than the CMP slurry manual. The particle 

shape is observed with the SEM. The shapes are nearly spherical, with rounded edges.  
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(a) (b)  

(c) (d)  

(e) (f)  

Figure 20: Images of ceria slurry residues deposited on (a) fresh mica, (b) 63-day conditioned 

mica, (c) 118-day conditioned mica, (d) 353-day conditioned mica, (e) 448-day conditioned 

mica, and (f) 1463-day conditioned mica 

  



42 
 

 

 
Figure 21: CeO2 on TEM grid 
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Alumina CMP Slurry  

The total desiccation time for the aluminum oxide slurry on mica increased as the 

conditioning time of the cleaved mica increased in the petri dishes and the laminar flow hood. 

This is shown in Figure 22. The immediate contact angle of each alumina droplet increases as the 

sample conditioning time of the mica increases with both petri dish conditioned mica and 

laminar flow hood mica, shown in Figure 23.  

 
Figure 22: Total desiccation time for alumina slurry 
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Figure 23: Conditioning time of mica and pattern forming fraction (% of total evaporation time) 

for alumina slurry 

 

For the fresh and day-old petri dish conditioned samples and similar aged laminar flow 

hood samples, the droplet spreads immediately upon deposition to a diameter of 8.0mm with an 

average contact angle of 6.2°. For these samples, the contact line is mobile within a few minutes 

of the droplet being deposited; the duration of the dynamic time is greater than the duration of 

the static time. The time for the pattern to form decreases as the conditioning time of the mica 

sample decreases, shown in Figure 24. The final residue of sessile droplets on fresh mica consists 

of an outer region with no cracks. The perpendicular lines of particles are from a pinning contact 

line. 
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Figure 24: Contact angles and the corresponding conditioning times for ceria slurry 

 

The sessile droplets on the mica used within three hours of being cleaved had an average 

desiccation time of 661 seconds. The time for the pattern to form consisted of an average of 64% 

of the total drying time. In petri dish conditioned and laminar flow hood samples that were 

conditioned for over one year, the droplet does not spread to the extent of younger samples. The 

total desiccation time increases as the mica conditioning time increases; the mica that was 

conditioned in a petri dish for 11 months have an average diameter of 5.3mm with an average 

contact angle of 21°. The total desiccation time increased to an average of 999 seconds. The 

residue of mica that was conditioned for 353 days is different than the residue of the mica that 

was aged for 118 days; The 118-day conditioned mica is very similar to the residue on the fresh 

mica while the 353-day conditioned mica has a band of cracks around the perimeter that have no 

clear organization. The 353-day conditioned mica has a perimeter with most of the cracks 

parallel to the center of the residue. The film in the center of the residue has a creamy appearance 

where particles have aggregated. The trends in diameter and desiccation time continues as the 

mica conditioning time increases; the mica that was conditioned for over one year have an 
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average desiccation time of 1336 seconds. The pattern forming time decreased as the 

conditioning time of the mica increased. The oldest sample was conditioned for 1493 days; the 

duration of pattern formation was 6% of the total desiccation time. The total desiccation time for 

this sample was 1477 seconds. The diameter of the sessile droplet is 4.5mm. The static time of 

the older samples is nearly the entire duration of the evaporation time until seconds before 

desiccation. The pattern consists of perpendicular cracks only in the outer perimeter in a 

~0.25mm thick band. The outer perimeter is a band of white. The film shows particles with no 

clear organization throughout the residue. Other than contained cracks around the particles, the 

center region is smooth. The change in film patterns on mica from differing conditioning times is 

shown in Figure 25. The consistency of cracks for different mica conditioning times are not 

dependent on the volume of the droplet. 

 The Al2O3 CMP slurry was sonicated just as the other CMP Slurries were sonicated to 

compare the desiccation patterns between sonicated and non-sonicated slurries. Both before and 

after patterns are similar. TEM images of the Al2O3 particles show aggregation of particles on 

the TEM grid. The particles may be aggregates in the slurry form or become aggregates during 

the desiccation process. In Figure 26, the particle shape is visible using TEM. The particle shape 

is nearly spherical. The particles sizes range from 25 nm to 45 nm.   
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(a) (b)  

(c) (d)  

(e) (f)  

Figure 25: Images of colloidal silica slurry residues deposited on (a) fresh mica, (b) 63-day 

conditioned mica, (c) 118-day conditioned mica, (d) 353-day conditioned mica, (e) 448-day 

conditioned mica, and (f) 1463-day conditioned mica 
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Figure 26: TEM image of Al2O3 

  

The nanoparticle slurries have similar evaporation patterns as well as contact angle 

trends. Figure 27 shows the contact angle data for all nanoparticles slurries and water on one 

graph. There is an overall increase in contact angle as the mica conditioning time increases in the 

petri dishes. Figure 28 shows the water contact angle standing out among the contact angle data 

for all nanoparticle slurries. 
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Figure 27: Contact angle data for all nanoparticle slurries and water on petri-dish mica 
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Figure 28: Contact angle data for all nanoparticle slurries and water on petri dish conditioned 

mica 
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Particle Shape 

 Although the presence of cracks can be produced by altering the ionic strength of the 

slurries, the crack characteristics are important to understand. Forming intended cracks or 

avoiding the formation of cracks is a study in material sciences that has industrial applications. 

As mentioned earlier, understanding the desiccation cracks of paint has forensic and real-time 

applications. Recent literature shows the shape of the particles in colloidal suspensions affects 

the appearance of the final residue, particularly in film residue. A comparison of ellipsoidal 

particle residues and spherical particle residues determined the that ellipsoidal shaped particles 

were the cause of different crack pattern appearances [25]. The silica nanoparticles used in lab 

are an example of how particle shape anisotropy influences the desiccation patterns. The 

depositional patterns of fumed silica nanoparticles are very different from the patterns of 

colloidal silica. There is currently no literature on why two types of silica nanoparticles (both are 

SiO2) self-assemble into different depositional patterns.  

 In the case of the CMP nanoparticle slurries, the residue is a thin film. The cracked film patterns 

are different between the colloidal silica and the fumed silica and the evaporation patterns are 

different as well. The colloidal silica has a slower evaporation rate. As the colloidal silica droplet 

is drying, the contact line does not stay pinned to the original perimeter. The difference in 

residue appearance was confirmed to be the effect of the particle shape. TEM images taken with 

the Hitachi HF5000 - 200Kev aberration corrected TEM by Paul Wallace at the University of 

Arizona (Figure 29). The surface of the mica containing droplet residues was treated with a thin 

coat of platinum for 60 seconds at 10 mAmps. The color of the mica turned to transparent gold.  
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Figure 29: SEM images of film cracks from a slurry with equal parts colloidal silica and fumed 

silica 

 

The minute amounts of acetic acid and potassium hydroxide in colloidal and fumed silica, 

respectively, does not appear to play a large role in the pattern formation. The colloidal silica 

contains less than 1% acetic acid; acetic acid is known to reduce surface tension. However, 

cracks exist in the colloidal silica residue. The fumed silica contains less than 1% potassium 

hydroxide. The potassium crystallizes in the outer crack region, giving it an opaque film. The 

changes in crack characteristics are shown in Figure 30. 
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(a)  (b)  

(c)   (d)  

(e)  

Figure 30: Film residue of desiccated nanoparticle slurry mixtures; (a) 3 parts colloidal silica, 1-

part fumed silica, (b) 2 parts colloidal silica, 1-part fumed silica, (c) 1-part colloidal silica, 1-part 

fumed silica, (d) 1-part colloidal silica, 2 parts fumed silica, (e) 1-part colloidal silica, 3 parts 

fumed silica 
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Particle Interaction 

The colloidal silica nanoparticles and fumed silica nanoparticles are similar in size, the deposits 

are characteristically different. Ma et al 2010, reports a spoke-like pattern with a gold and 

polystyrene mixture that are similar to the colloidal silica residues. The crack pattern disappeared 

when only gold nanoparticles were used [27]. This suggests that carefully chosen additives could 

be used to tune residue patterns. The fumed silica contains potassium hydroxide while the 

colloidal silica contains acetic acid. In the lab, the pH of the slurries was altered using a buffer 

12.45 solution to examine if pH is the factor that caused the “spoke-like” pattern to form in the 

colloidal silica nanoparticles. When the slurry became pH 7, the “spoke” pattern formed during 

the evaporative deposition. The slurry that became pH 9 did not have the “spoke-like” pattern. 

The pattern showed a cloudy white color around the perimeter of the residue that faded toward 

the center. The center of the droplet had curvy cracks with no clear organization. See Figure 30. 

Litmus paper was used to estimate pH. 

(a) (b)  

 

Figure 31: Colloidal silica slurry films at pH 9. (a) is the edge of the film and (b) is the center of 

the residue 
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The addition of sodium hydroxide 

 

Sodium hydroxide was added to the CMP slurries. Alumina CMP slurry became pH 5 and was 

then deposited onto fresh mica. The desiccation residue was similar to the fumed silica (see 

Figure 33). Increasing the pH causes an increase in alumina particle agglomeration [28].  

 

Figure 32: Film residue from a pH 5 mixture of Alumina nanoparticle slurry and sodium 

hydroxide 

 

When sodium hydroxide was added to the ceria slurry, the residue changed. The ceria slurry 

agglomerated with no organization in the desiccated residue when sodium hydroxide was added 

to the slurry. The pattern is shown in Figure 34. 
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Figure 33: Residue of ceria slurry and sodium hydroxide mixture 

Sodium hydroxide was added to the colloidal silica slurry. The curvy lines in the center 

of the droplet with pH 9 looks similar to the fumed silica nanoparticle pattern and the alumina 

nanoparticle patterns (pH 9 and 3.5, respectively). There are no spoke-like markings. The 

perimeter of the dried drop is cloudy (image 2). The center of the drop has curved “crack” marks 

(see Figure 35). 

 

Figure 34: Alumina nanoparticle slurry film with addition of sodium hydroxide 
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Chapter 5: Microspheres on Aged Mica 

  

The flow of the particles is consistent with the literature. A significant observation is that 

the particle velocity of particles in the droplet deposited on aged mica is noticeably less than the 

velocity of the particles in a droplet deposited on freshly cleaved mica. This difference in 

velocity holds until the contact lines depin. When the contact lines depin, the velocity of the 

particles in both droplets increase. The particles in the droplet on the aged mica have a much 

greater velocity that seconds before the contact line depinned.  

The droplet diameter immediately after deposition is the first difference observed 

between the different substrates. The diameter of the droplets on the freshly cleaved mica is 

much greater than the diameter of the droplet on the aged mica. We suspect the potassium 

carbonate crystals are the cause of the smaller droplet radius on aged mica. The potassium 

carbonate crystals present a rough surface relative to the atomically smooth surface of the freshly 

cleaved mica. 

A trend appears in the droplet desiccation process as the age of the cleaved mica 

increases. The contact line stays pinned for more of the evaporation duration as the mica age 

increases. Phase one of drying exceeds phase two, therefore the ratio is over one. Freshly cleaved 

mica has a shorter phase one duration than phase two. Our findings are consistent with the 

research by H. Jeong et al, 2014 [8]. Additionally, the freshly cleaved mica shows dried particle 

patterns that appear to be a monolayer around the perimeter. The aged mica has a bilayer of 

particles around the perimeter.  

The final dried patterns look different in appearance between the different conditions of 

the mica. The conditioned mica shows thinner strands of particles lined together. The thicker 

perimeter is visible on the aged mica as well. The freshly cleaved mica has thicker, larger strands 
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of particles and more blank space with no particles. The thinner perimeter is also visible. 

Another observation includes the difference between the sulfate-modified microspheres and the 

carboxylate-modified Fluospheres. They have different patterns; the carboxylate-modified 

Fluospheres have strands of particles nearly perpendicular to the center of the droplet with no 

small branches of particles attached. The sulfate-modified Fluospheres have strands of particles 

that are parallel to the center. There are many small branches of particles attached to the long 

strands. Figure 31 shows the details of the patterns. 

  

(a)  (b)  

(c)  (d)  
Figure 31: (a) Yellow Green Sulfate-modified Fluospheres dried on mica aged 366 days in a 

closed petri dish. (b) Yellow Green Sulfate-modified Fluospheres dried on fresh mica. (c) 

Yellow Green Carboxylate-modified Fluospheres on mica aged 366 days in a closed petri dish. 

(d) Yellow Green Carboxylate-modified Fluospheres on fresh mica.  
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Chapter 6: Future Applications 

Two experiments were performed as preliminary trials to examine the sterility of a freshly 

cleaved mica surface. Two surface treatments to sterilize the freshly cleaved mica were 

performed. The two treatments are normally used for metal surfaces such as stainless-steel 

utensils in hospital settings; these are the autoclave sterilization and the ethanol bath. The treated 

mica was compared to freshly cleaved mica by depositing droplets containing fluorescent 

microspheres onto the surfaces. The characteristics observed included the desiccation time of 

deposited droplets, the de-pin time of the droplets, the diameter of the desiccation pattern and the 

appearance of the desiccated droplets. 

 

The effect of the autoclave on a freshly cleaved mica surface 

The purpose was to observe differences between freshly cleaved mica that has been put into the 

autoclave and freshly cleaved mica that has not been treated in the autoclave. Freshly cleaved 

mica is a high energy surface. Over time, even in a matter of minutes, the surface energy 

decreases as the atmosphere reacts with the surface. The autoclave sterilizes material using the 

power of steam to kill bacteria and inactivate viruses. There is no literature on what the autoclave 

does to the surface of mica.  

Method 

The first step involves cleaving the ruby red muscovite mica. Multiple layers could be 

cleaved from one piece. Two layers were cleaved and one was put into a petri dish while the 

other was carefully covered in tinfoil. The tinfoil did not touch the top surface of the mica. The 

mica was wrapped in tinfoil and put into the autoclave for one hour. 
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 When the autoclave ended, the mica in the tinfoil was taken out of the tinfoil and put into 

a petri dish. The two petri dishes were taken to the surface chemistry lab at the University of 

Arizona campus within the hour. 

 During the same hour, three solutions were deposited in 5 uL droplets onto the mica 

surfaces. The three solutions contained yellow-green amine-modified Fluosphere microspheres 

(YGA), yellow-green sulfate-modified Fluosphere microspheres (YGS), and yellow-green 

carboxylate-modified microspheres (YGC). The time for the contact line to de-pin and the total 

desiccation time was measured. The final desiccation pattern was observed under the dark field 

microscopy and the diameter of the dried droplet was measured.  

 

Results 

The droplets on the autoclave treated mica had similar desiccation times compared to the non-

autoclave mica. The diameter of each particle type droplet is within 0.9 mm of the non-

autoclaved mica of the corresponding droplet. More droplet trials should be performed for a 

better understanding of the trends. The appearances of the desiccation patterns are similar 

(Figure 36).  

Microspheres Autoclave Mica Control Mica 

YGA 
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YGS 
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YGC 
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Figure 36: Comparison between the drop cast microsphere residues on control mica and the 

autoclaved mica 

The effect of an ethanol bath on a freshly cleaved mica surface 

The purpose was to observe differences between freshly cleaved mica that has been put into an 

ethanol bath and freshly cleaved mica that has not been treated. Freshly cleaved mica is a high 

energy surface. Over time, even in a matter of minutes, the surface energy decreases as the 

atmosphere reacts with the surface. The ethanol is an organic solution that kills bacteria and 

inactivates viruses. There is no literature on what the ethanol does to the surface of mica, 

however, adding an organic molecule to a high energy surface.  

 

Method 

The first step involves cleaving the ruby red mica. Multiple layers could be cleaved from 

one piece. Two layers were cleaved and both put into a petri dish. One of the petri dishes was 

closed and stored out of sunlight. The other was filled with 95% ethanol and swirled around. The 

swirling action did not involve touching the surface of the mica. Once complete, the mica was 

removed from the ethanol and put into a petri dish that was closed. The two petri dishes were 

taken to the surface chemistry lab within the hour. 

 Three solutions were deposited onto the mica surfaces. The three solutions contained 

yellow-green amine-modified Fluosphere microspheres (YGA), yellow-green sulfate-modified 
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Fluosphere microspheres (YGS), and yellow-green carboxylate-modified microspheres (YGC). 

The time for the contact line to de-pin and the total desiccation time was measured. The final 

desiccation pattern was observed under the dark field microscopy and the diameter of the dried 

droplet was measured. 

 

Results 

The droplets on the ethanol treated mica had a longer desiccation time that the ethanol blank 

mica. The diameter of the dried YGA and YGS droplets are similar to the blank while the YGC 

is not similar. More droplet trials should be performed for a better understanding of the trends. 

The appearance of the desiccation patterns are different. The ethanol bath mica shows more 

particle clumping in the center than the ethanol blank mica. The ethanol blank mica shows 

individual particles in the center that are spaced apart somewhat evenly (Figure 37). 
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Microspheres Ethanol Bath No Ethanol Bath 

YGA 
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YGS 

 

 

 

 

YGC 

 

 

 

Figure 37: Comparison between drop cast microsphere residue on control mica and ethanol bath 

treated mica 
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Conclusion 

The physics of droplets and the process of creating patterns is a simple method used to better 

understand the interactions between interfaces. The parameters of the method of evaporative 

deposition need to be tediously studied for different interface combinations (e.g. water, air and 

mica) to understand the interactions. The different characteristics of the nanoparticle films of 

alumina, silica, and ceria CMP slurries provide an insight into how the nanoparticles interact 

with each other during desiccation. The change in surface energy of the ruby red mica substrate 

causes different nanoparticle film patterns. The changing evaporation and film patterns indicates 

that the mica substrate effects the particle interaction during desiccation. Over time, the droplet 

evaporation process changes; the dynamic time increases as the mica conditioning time increases 

for all samples. Similarly, the Fluosphere microsphere residues change as the mica conditioning 

time increases. The presence of salt effects the appearance of the nanoparticle films. Evaporative 

deposition could show specific patterns that indicate the presence of a substance or type of 

particle. The microbial cultures were negative for non-sterilized mica, autoclave mica, and 

ethanol mica. The autoclaved mica showed similar residue patterns and droplet evaporation 

properties as the non-autoclaved mica. The ethanol bath had different residue patterns and 

droplet evaporation properties than the non-ethanol treated mica. The ethanol bath is not a 

suitable sterilization treatment for preparing mica as the substrate for evaporative deposition. 
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APPENDIX A - SUPPLEMENTARY DATA 

  

 
Fumed Silica Droplet Information - Averages 
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Aluminum Oxide Droplet Information - Averages 
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Ceria Droplet Information- Averages 
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APPENDIX B - Video Information 

Video 1: Colloidal Silica Slurry 

https://drive.google.com/file/d/0B1P4tOm3DDb4QlpVX1c1NmdkQkU/view?usp=sharing 

Synopsis: Center of colloidal silica slurry sessile droplet. The most important time is 30-45 

seconds. The contact line is difficult to see but visible as it moves inward and meets several 

bright white circles (bubbles in the slurry). The white perpendicular lines (cracks) appear at the 

same speed as the mobile contact line, but behind the mobile contact line. A white hazy line 

follows the cracks as they form. The parallel cracks between the perpendicular cracks form at the 

white hazy line. At 40 seconds, the liquid has decreased and makes up the center with four 

bubbles. Larger white particles move around in the liquid as the contact line moves inward. The 

bubbles go away one the contact line reaches them. 

  

Video 2: Colloidal Silica Slurry  

https://drive.google.com/file/d/0B1P4tOm3DDb4OU9ZYTNRRW44TGM/view?usp=sharing 

Important time: 0:40-1:20 - The video shows the perimeter of a colloidal silica slurry sessile 

droplet. The droplet has been evaporating for a few minutes. The cracks around the perimeter 

formed quickly. As the contact line moves inward, the perpendicular cracks grow inward at the 

same rate. Several larger particles move into view in the liquid phase. The particles move 

quickly toward the contact line and pin to the mica. One particle vibrates near the contact line but 

does not pin. A large particle that was pinned early in the evaporation process has irregular 

cracks around it. The cracks on the inside of the particle location are closer together than the 

https://drive.google.com/file/d/0B1P4tOm3DDb4QlpVX1c1NmdkQkU/view?usp=sharing
https://drive.google.com/file/d/0B1P4tOm3DDb4OU9ZYTNRRW44TGM/view?usp=sharing
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regular cracks around them. Important time: 2:14-2:17 - A relatively large particle in the slurry 

becomes pinned and causes irregular cracks in the film. 

  

Video 3: Colloidal Silica Slurry  
https://drive.google.com/file/d/0B1P4tOm3DDb4eFAxVFRNWnhfWlU/view?usp=sharing 

The video shows the outer perimeter of a colloidal silica sessile droplet. Later in the video, a 

different area of the perimeter is shown. 0:45 seconds into the video, the contact line starts 

moving in at a steady pace while the cracks stop forming. The cracks resume, leaving a blank 

space with no cracks. The contact line doesn't slow down or speed up. 

  

 Video 4: Colloidal Silica Slurry  

https://drive.google.com/file/d/0B1P4tOm3DDb4R2E3aERJcHlCTTg/view?usp=sharing 

The video shows the center of a colloidal silica slurry sessile droplet as it evaporates completely. 

The wetting front is very visible at 0:27. The white perpendicular lines (cracks) appear at the 

same speed as the mobile contact line, but behind it. The parallel cracks between the 

perpendicular cracks form ten seconds after the perpendicular cracks form. 

  

  

 

 

  

https://drive.google.com/file/d/0B1P4tOm3DDb4eFAxVFRNWnhfWlU/view?usp=sharing
https://drive.google.com/file/d/0B1P4tOm3DDb4R2E3aERJcHlCTTg/view?usp=sharing
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