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Preface

Nature is riddled with examples of colourful surfaces, from butterflies to rocks, including fossils

(see Figure 1 (a) - (f)). The origin of these visually attractive colours is common to all these cases:

the surfaces show a sub-micrometre periodic structure that give constructive interference around

particular wavelengths in the visible spectrum. With time, it was possible to reproduce this

natural phenomena using sub-micrometre spheres. The structures obtained were named artificial

opals in contrast to natural opals that inspire them (see Figure 1 (d) and (g)).

Figure 1: Some examples of colourful surfaces emerging from complex periodicity at nanometre

scale. (a) colourful butterfly wings; (b) petrified ammonite (ammolite - nacreous layer of the

aragonite fossil shells); (c) peacock ore (bomite - copper iron sulfide); (d) natural opal; (e)

macroscopic image of the blue morpho butterfly wing (Morpho menelaus), inset: SEM image

of the sub-micrometre structure; (f) variety of jewel beetles; (g) artificial opal. Images (a) to

(d) taken from multiple sources available from the world wide web. Images (e) (SEM inset and

macroscopic photograph) and (f) taken from [1]. Image (g) reprinted from [2].

To construct artificial opals particles are synthesised through careful controlled chemical pro-

cesses. After the synthesis, the particles are usually in the form of a suspension, either in water

or other fluid. The artificial opal is obtained by bringing the particles together to form a dried

solid structure. This can be done in several ways, from a simple gravitational sedimentation to

manipulation individual colloids by nanorobots. The structuring of the particles in the bulk of

the suspension was known since the 1970s [3]. However, it was in 1990s that the research in

xiii
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colloidal suspensions and their crystallisation in dried structures intensified. This field of research

attracted many groups from the scientific and technological community due to the promise of

new interesting materials, particularly as optoelectronic materials. Although bandgaps in peri-

odic dielectric media were known since the end of the 19th century [4], it was not until 1987 that

Yablonovitch [5] proposed the existence of complete photonic bandgap in a three dimensional

periodic structure that is known as photonic crystal. The interest on these structures increased

notably, mainly due to the promise of founding a rapid method to build optoelectronic devices.

In addition to the attractive applications, colloidal systems remain of large interest from a basic

point of view, where they are an excellent experimental framework to test theoretical models for

hard spheres systems, defects formation and their dynamics in atomic-like systems, among others.

Over the years, research provided many different techniques to structure colloidal particles.

Nevertheless, despite the advances achieved in the field, there is not yet a suitable technique to

obtain the desired structures. The difficulty arises in two different areas. On one side, there are

specific requirements for the structure: large area of high quality crystals and, often, controlled

defects. On the other side, there is the transition from a fluid suspension to the dried structure.

This transition is ultimately governed by a balance between the capillary forces and the interaction

forces between the particles and the surrounding surfaces (either of the substrate or of the already

deposited structure).

The most popular methods to transfer the particles to the solid substrate are those inspired in

Langmuir-Blodget technique [6, 7]. They usually rely on evaporation-induced flows and capillary

forces to transfer and consolidate the colloidal particles located near the contact line to a solid

structure [8].

We believe that the understanding of the mechanisms involved in the dynamics of the transition

from a fluid suspension to the dried structure is a key element to attempt the control over

the process of structure formation. This control is fundamental to open new lines towards the

construction of the technologically relevant structures.

In this work, we concentrate on the dynamical process that give rise to the structure in two

experimental setups: vertical deposition and spin-coating. In the first case, the system is allowed

to develop naturally. A weak DC electric field is applied to evaluate its effect on the dynamics.

In the second case, a rotating substrate imposes an axisymmetric geometry that allows to study

the dynamics of the particle structuring in relatively thin films (< 10 µm). Here, we used highly

volatile fluids that give a fast crystal formation process (∼ 1 s). This report is composed of two

parts each of which encompasses one of the experimental systems studied.

The first part starts with an introductory chapter on the main characteristic of colloidal

systems, we briefly review the principal electrokinetic phenomena that can occur in an electro-

statically stabilised colloidal system. Then, we focus on the models that had been developed to

predict the behaviour in convective self-assembly experiments in vertical deposition configura-

tions. The following two chapters are dedicated to the detailed description of the experimental

setup and results, with a special focus in the calculation process and the difficulties that arose

from the discretisation of the data. We present the different structures and velocities observed at

the conditions studied. This part finishes with a discussion on the relation between the contact

line velocities and the deposited structure. We finish this section with a detailed discussion on

the different parameters that affect the deposition process (previously deposited structure, local

concentration near the contact line and interaction between particles and substrate) which give
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rise to the observed dynamics.

In the spin-coating part, we first present a basic model developed by Emslie in 1958 for

non-volatile viscous fluids [9] and its extension to volatile fluids made by Meyerhofer in 1978

[10]. Then, we briefly introduce the results obtained by several groups regarding the order that

emerges in sheared colloidal suspensions. Then, we present the experimental setup and the

image analysis used to characterise the thinning and drying dynamics. We finally describe the

characterisation performed over the dried structure: via Atomic Force Microscopy (AFM) and

Scanning Electron Microscopy (SEM). The results chapter summarises the thickness measured at

the different conditions for the fluid stage and the dried structure. We also present the evolution

of the dynamics of the long range orientational order, the dynamical regimes in the transition

from the fluid suspension to the dried structure, and the difference in the morphology of the final

deposit observed in the dried structure. The discussion chapter begins with an extension of the

Emslie model to incorporate the evaporation rate effect on the dynamics. Then, we estimate

the evaporation rate during the final dried stage using the different experimental data compiled.

Finally, we discuss on the long range orientational order emerging in the fluid and dried structure.

This report finalises presenting the concluding remarks and outlooks for each experimental

system.
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Part I

Vertical deposition of water based

colloidal suspensions
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Chapter 1

Introduction

The formation of periodic ordered structures in colloidal systems has been of great interest for

the scientific community for more than three decades. Early research focused on the structures

emerging in the bulk of the suspensions or in the interface between two fluids [11–20]. When the

possibility of obtaining a complete 3D photonic bandgap (PBG) was proposed in 1987 [5], the

research groups started to focus on colloidal crystallisation as a process to obtain such structures

[21–24]. The technological community foresaw the possibility of using these materials to develop a

highly promising optoelectronic technology [25]. At this point, several techniques were developed

[26–39], mainly directed to transfer the structures formed in the fluid phase to a solid form,

more appropriate for technological manipulations. Most of those approaches were based on self-

assembly that promised an easy and rapid process to obtain the desired structures [23]. The

simplest self-assembly mechanisms rely on capillary forces to structure the particles during the

transition between the fluid suspension and the dried structure. Despite these efforts, a process

to efficiently structure colloidal particles in a 3D photonic crystal, or to properly control the

structuring, has not yet been found. In the search, nevertheless, most studies concentrated more

on the final structure characterisation than on the dynamics of the structure growth.

In this part, we concentrate in the characterisation of the dynamics and the deposits formed to

identify the processes that control the growth of the deposits. In this part we focus on a method

that has been used for several years, is the vertical deposition technique [26]. Here, the substrate

is placed vertically while the fluid phase of the suspension is slowly evaporated. In this system,

we applied DC electric fields to characterise their effect on the deposition process and evaluate

its potential to control it.

The colloids used in this work lay in the upper limit of the colloidal region. In this experiments

we used 1.3 µm polystyrene spheres. These colloids arrange over the substrates surface in quasi

2D structures. The thickness is of the order of a few micrometres while the structure expands

over larger areas of a few square millimetres. We did not have access to the precise rheology of

the suspensions but we estimate that the viscosity, the density and the surface energy are of the

same order of magnitude as those in water.

The structure formation is due mainly to the interaction between flows in the fluid phase

and the particles in suspension. The main forces that govern the dynamics of this process are:

capillary, viscous and inertial forces. The relative importance of these forces can be estimated

from different dimensionless numbers.

3



4 Introduction

The balance between inertial and viscous forces is considered by the Reynolds number:

Re ∼
ρVL

µ
(1.1)

where ρ and µ are the density and shear viscosity of the fluid. V and L are the characteristic

velocity and lenghtscales involved in the considered dynamics. For Re smaller than 10−2 the flow

around the particle can be considered as laminar. In this limit, the Stokes law is valid and the

forces acting on a particle are balanced by the viscous forces, so the particle moves following,

approximately, the flow lines.

Another relevant dimensionless number is the Capillary number that compares capillary to

viscous forces. The capillary forces are characterised by the surface tension γ:

Ca ∼
µV

γ
(1.2)

Capillary forces dominate over viscous ones when Ca is smaller than 10−4[43].

Finally, the comparison between the advection of particles following the flows and their natural

diffusion is summarised by the Péclet number:

Pe ∼
VL

D
(1.3)

where, D is the diffusion coefficient of the particles. We will take this coefficient to be of the order

of kBT. Here kB is the Boltzmann constant and T is the absolute temperature. This number

tells us how efficient are the flows at dragging particles with respect to their movement due to

thermal fluctuations.

Typical values of these numbers for the vertical deposition configuration are much less than 1.

In this introductory chapter, we will present the concepts related to colloidal suspensions, the

convective self-assembly process. We will also introduce a short description of the different models

used for studying the colloidal crystallisation [26, 44–46].

1.1. Colloidal suspensions

Particles that can form a colloidal suspension cover a large range of sizes and shapes. Never-

theless, they are typically spherical particles of the order of 10 nm to 10 µm. The most commonly

used materials are silica (SiO2) or polymers. Both usually have larger densities than the fluid in

which they are suspended (water, ethanol, ethylene glycol, among others). Thus, the particles

tend to sediment due to gravity. Similarly, the interaction between particles is mostly dominated

by electrostatic London-Van der Waals interaction that tends to agglomerate them [47], hence

they form clusters that sediment faster than individual particles.

In most cases, agglomeration and sedimentation are undesired effects. The typical approach to

counteract this effects is to prepare particles (or suspensions) such that there is a repelling force

between particles. This force stabilises the suspension for times longer than the experimental

timescale. The most common mechanisms to achieve this stabilisation are: electrostatic, steric or

electro-steric repulsion. For silica spheres, the most used technique, is the electrostatic repulsion

achieved by fixing charges on the surface of the particles (see Figure 1.1 (a)). For polymeric
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particles, the three methods are widely applied. A steric repulsion is achieved by fixation of

polymeric chains on the surface of particle. The chains act as a short range barrier that repel the

particles when they are close to each other (see Figure 1.1 (b)). The combination of electrostatic

and steric repulsion is achieved by placing charged groups on the exposed ends or along the steric

chains (see Figure 1.1 (c)).
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(a) (b) (c)

Figure 1.1: Stabilisation of colloids. Schematic representation of typical methods to incorporate

repulsion forces that stabilise colloidal particles in suspension: (a) electrostatic repulsion, (b)

steric repulsion, (c) electro-steric repulsion

In the vertical deposition experiments we used electrostatically stabilised polystyrene spheres

of 1.3 µm in diameter. For spin-coating experiments we used SiO2 spheres that according to the

provider (Fiber Optic Center inc.), they have large amounts of Silanol (Si-OH) on their surface

that, in contact with polar fluids, generate negative charges that ease their redispersion.

1.1.1. Dispersive media

The fluid phase of a suspension can be composed of a pure fluid or of a mixture of miscible

fluids. The main interest, for using different fluids, is to ease visualisation through the suspension

(refractive index matching), to avoid sedimentation (density matching) or to control the temporal

lengthscale of the dynamics (when colloidal crystallisation is obtained through the drying of

the suspension). In this work, we choose to use simple fluids to avoid additional complexity

on the dynamics, that could be originated by an unbalance in the proportion of the mixture

during the experiments. We dispersed polystyrene particles in ultrapure water, in the vertical

deposition experiments, and silica particles in acetone or methyl-ethyl ketone, in the spin-coating

experiments.

1.1.2. Electrical double layer

The problem of a charged surface in contact with a fluid with charged species (either polar

molecules or electrolytes) has been studied for many years since it is encountered in many situa-

tions, from electrolyte solutions to plasma physics [47]. The general problem is very complex and
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depends on the precise nature of the charged species and on the type of surface. There are many

different models to represent the potential each of which adequate to a particular experimental

situation. Which is more appropriate to a particular situation depends on many parameters.

Even the largely accepted double layer model is a current matter of discussion [48]. However,

most used models have the common feature of distinguishing two charged regions: one inner, near

the surface, where the charged species had been adsorbed by the surface; and one outer, where

ions and counterions form a mobile diffuse layer. A more precise consideration separate the inner

region in two areas one free of charge (in contact with the surface), and one with the adsorbed

charge (at a distance of 0.1∼0.5 nm, depending on the charge nature [47]). Nevertheless, if we

are only interested on the amount of charge present in each region and the approximated size of

the outer charged area, most models can be used indistinctly. Hence, we will introduce one of the

simplest models, proposed by Stern in 1924. It is commonly known as Gouy-Chapman-Stern dou-

ble layer model. Here, the charge of the surface is compensated by ions, adsorbed in the charged

surface, and by a diffuse cloud, of mixed ions and counterions. In this diffuse layer Brownian

motion maintain ions and counterions in movement. On the contrary, the adsorbed ions move

with the particle. In figure 1.2 (left) we show a schematic representation of this distribution.

The adsorbed ions form a monolayer over the surface (Stern layer). The diffuse layer, on the

other hand, is a mobile cloud susceptible to external fields. This distinction in the mobility of

each layer leads to the definition of a slipping or shear plane. In general, the slipping plane is

defined in the transition between these two regions [49]. Although rigorously the slipping plane

does not coincide with the end of the Stern layer, for the system that we consider the slipping

plane and the Stern layer can be assume to coincide (see Figure 1.2 right).

Figure 1.2: Schematic representation of the Stern double layer model. Left: Ions and counte-

rions distribute according to the competition between the attractive electrostatic force and the

dispersive Brownian motion. Right: Electrostatic potential given by the electrolytes distribution

around the surface. Sketches are not at scale.

The electrostatic potential near a charged surface is the potential Ψd schematised on Figure 1.2

(right). For the derivation of this potential, we start with the Gauss law applied to a rectangular
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box that compares the potential far from the surface to the one in an arbitrary point in the diffuse

layer (see Figure 1.2 right):

∇ · ~D = ∇ · ǫ ~E → ∆φ = −
ρ

ǫ0ǫm
(1.4)

here, we used ~E = −∇φ and assumed that the permittivity of the fluid ǫm is constant. The

ions will be distributed by the competition between the attractive electrical potential and the

randomising effect of the Brownian motion. Therefore, the distribution can be expressed by the

Boltzmann equation [50]:

ni = n0
i e

−wi/kBT (1.5)

where, wi is the work performed to bring the ion i from the bulk solution (where the potential

is φs) to the arbitrary point in the diffuse layer (at a potential φ); n0
i is the concentration of ion

type i in the bulk solution; kB is the Boltzmann constant and T the absolute temperature. As a

first approximation, it is assumed that the ions are point charges, thus wi:

wi = zie(φ − φs) = zieψ (1.6)

where zi is the valence of the ions, e is the electric charge of the electron, and ψ ≡ φ − φs is

the potential of the arbitrary point of the diffuse layer with respect to the potential in the bulk

solution. Then, the total charge included in the Gauss surface is

ρ =
∑

i

nizie (1.7)

Replacing equation 1.5 in 1.7, and using the resulting expression for ρ in 1.4, the potential in

the diffuse layer will be given by:

∆ψ =
−1

ǫ0ǫm

∑

i

n0
i ziee

−zieψ/kBT (1.8)

Here, we assumed that φs is constant. When the electrostatic energy in the diffuse layer is

small with respect to the thermal energy (i.e. |zieψ| ≪ kBT ), the exponential can be expanded

(e−x = 1 − x + O(x2)) and keeping the first two terms we get:

∆ψ ≈
−1

ǫ0ǫm

(

∑

i

n0
i zie −

∑

i

n0
i z

2
i e2ψ/kBT

)

(1.9)

the first sum should be zero to maintain the electroneutrality of the bulk solution. Thus, in

this approximation, the potential would be given by:

∆ψ ≈
(

∑

i n
0
i z

2
i e2

ǫ0ǫmkBT

)

ψ = κ2ψ (1.10)

This approximation is known as the Debye-Hückel approximation and κ is the Debye-Hückel

parameter. The inverse of this parameter measures the extent of the diffuse layer and is known

as the Debye length κ−1.

The solution to the equation 1.10 is of the form ψ = ψ0e
−κx. Since the particles are spherical

we change our origin of the coordinate system to the centre of the particle. Thus, the potential

will be given by:
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ψ(r) = ψ0e
−κ(r−Rs) (1.11)

where Rs = R+δ the radius of the sphere plus the Stern layer thickness (see Figure 1.2 right),

ψ0 is the Zeta potential, and r is the distance measured from the centre of the sphere.

Although this equation was derived in Cartesian coordinates κ−1 is, typically, of the order of

10 nm. As our particles radius (0.65∼0.25 µm) are much larger than the Debye length, equation

1.11 can be applied to them.

Under the same approximation (|zieψ| ≪ kBT ) the Zeta potential for a spherical particle, of

radius R, with a total charge Q, can be estimated from [51] as:

ζ =
Q

4πǫmǫ0R(1 + κR)
(1.12)

The interaction potential between two charged surfaces (particle-particle and particle-substrate)

is the superposition of the potential of each surface. The interaction potential includes two con-

tributions, one repulsive (given by superposition of two potentials of the form 1.11, UR) and one

attractive (known as Van der Waals potential, UA). The Van der Waals forces, in general, in-

clude three different types of atomic and molecular interactions. They originate from permanent

dipoles, induced polar actions, or quantum mechanical forces. The last type of forces are called

London dispersion forces and are usually the most important ones. When they are seen at a

macroscopic level, the Van der Waals forces can be represented by a potential energy that is

inversely proportional to the separation between particles centres d [51]:

UA ∼
H

d2
(1.13)

Here, H is the Hamaker constant that can be related to the material properties: density ρ,

molecular weight M and a particle-particle pair interaction coefficient C:

H =
(ρπNA

M

)2
C (1.14)

where NA is the Avogadro number.

The repulsive potential energy is well represented by the DLVO (after Derjaguin and Landau,

Verwey and Overbeek) approximation [52] given by:

UR(d) =
Q2

effe2

ǫ0ǫm

[ e2κa

(1 + κa)2

]e−κd

d
(1.15)

Here, Qeff the effective surface charge that includes the Stern layer.

In Figure 1.3, we show a schematic representation of the typical form of each potential and

their superposition (UT). The total interaction potential has two minima: the primary minimum,

is a non reversible position, at which particles will remain despite sonication. The secondary

minimum is a reversible position, where sonication allows to recover a homogeneous suspension.

1.2. Transport phenomena

The formation of a colloidal structure involves a transition from a fluid suspension to the dried

deposit. During the formation of these deposits there is a transport of colloidal particles from
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Figure 1.3: Interaction potential between charged surfaces. The total potential (UT) is the result

of the superposition of an attractive potential (UA, corresponding to a London-Van der Waals

interaction) and repulsive potential (UR, corresponding to an electrostatic interaction). The two

minima are separated by an energy barrier. The main intention of the stabilisation of a suspension

(see Figure 1.1) is to have a barrier large enough, to avoid particles to cross it in storage conditions.

the bulk of the suspension to the meniscus where the particles deposit. The stabilisation charge,

present on the colloids surface, and the diffuse layer of ions that this charge induces, makes

the particles susceptible to external electric fields. Additionally, since the mobile diffuse layer

and the particle charge have opposite signs, there are several transport processes that can occur

and, in some situations, compete. The electrokinetic phenomena are those in which the particle

superficial charge, and its induced cloud, interacts with an external field. These phenomena

include fields arising from a large variety of natures: from gravitational or mechanical fields to

chemical gradients or ultrasonic fields. In the following, we will define and present the origin of

those that could be present in our system. Later in this section, we will introduce other transport

mechanisms and phenomena that are not related to electrokinetic phenomena but can be relevant

for our study.

1.2.1. Electrokinetic phenomena

In our experimental configuration, we applied a constant potential between parallel plates in

order to evaluate the effect of an electric field on the dynamics of the colloidal self-assembly pro-

cess. Hence, from the different electrokinetic phenomena, we will focus on those arising from the

interaction with external DC-fields. We will also introduce the gravitational and pressure effects

since flows play a fundamental role on the formation process. Therefore, the main electrokinetic

processes that could have an affect in our system are:

1. Electrophoresis: Since the particle is surrounded by an electrical double layer, in the presence

of an external electric field several forces will be induced. There will be a net force applied
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over the colloidal particle due to its charged surface (including the Stern layer), this is the

driving electrostatic force F1. As the particle is immersed in a fluid, its viscosity will limit

the velocity of the particles via a viscous force F2. The electric field will act, also, on the

surrounding diffuse layer that, as the charge in this layer is opposite to the one of the particle,

will apply a braking force F3 (electrophoretic retardation force). Finally, the displacement

of the diffuse layer with respect to the particle will generate a net dipole moment that also

will reduce the final velocity of the particle (polarisation force F4).

2. Dielectrophoresis: This effect is the response of colloidal particles to a spatially heterogeneous

electric field. This effect does not rely on the charge of the particle but on its polarisability.

Thus, its effects are evident even in electrically neutral particles.

3. Electro-osmosis: In the presence of an external electric field the diffuse layer experiences

an electrostatic force which displace the cloud with respect to the charged surface. This

movement induces a flow around the particle that, depending on the direction of the field

and the sign of the charges, can induce attraction or repulsion between the particles near a

charged surface [53].

4. Streaming potential: if the diffuse layer is subjected to a pressure difference the ions present

on it will move with the surrounding fluid. This movement is, in essence, an electrical

current. The electric potential drop due to this current is the streaming potential [54].

5. Sedimentation potential - Dorn effect. Under the action of gravity the colloidal particles

tend to sediment. In their movement, the particle moves ahead from the cloud, thus an

inhomogeneous charge distribution appears in the system. If we assume that the particles

are negatively charged there will be a net balance of positive charges on the top that gives

rise to a dipole moment through which the particle interact with the external field.

1.Electrophoresis. In general, the electrophoretic effect is the result of the balance between four

forces: F1, F2, F3 and F4. The last two forces depend on the precise characteristics of the

diffuse layer, what is more, usually they depend on each other and on the ionic species involved

[54]. Hence, as a first approximation we will neglect their contribution and consider a balance

between the driving electrostatic force and the viscous force. For spherical particles, Stokes’ flow

approximation can be applied. Thus, in steady state the two forces will be balanced giving a zero

external force over the colloidal particle:

∑

~Fext = m~a = 0 = ~F ~E + ~Fvis

~F ~E = −~Fvis

Q~E = −6πµR~u

|u| =
|Q~E|

6πµR
(1.16)

Where, R is the radius of the particle, Q the surface charge (including the Stern layer charge), µ

is the viscosity of the fluid, ~E is the external electric field and u is the velocity of the particle.

Then, as a first approximation the steady state velocity of a particle will be given by equation

1.16.
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2.Dielectrophoresis. First reported by H. A. Pohl in 1951 [55], this effect arises when a particle is

in the presence of an spatially heterogeneous electric field. Although this effect is mostly studied

under AC electric field, in principle it is also present on DC experiments. The effect of this force

will depend on the electrical permittivity of the particles ǫp with respect to the one of the medium

ǫm. On one hand, if ǫp>ǫm the particles are attracted to the regions of stronger fields. On the

other hand, if ǫp< ǫm the particles are repelled from the strong field regions. The dielectrophoretic

force applied over a particle of radius R will be given by [55]:

~F = 2πǫmR3K∇E2
0 (1.17)

where E0 is the module of the applied electric field and K is known as Clausius-Mossotti function:

K =
ǫp − ǫm

ǫp + ǫm

From this expression we see that ~F has the following properties:

it is proportional to the particle volume,

it is parallel to the gradient of the electric field intensity.

it depends on the magnitude and sign of the Clausius-Mossotti function.

3.Electro-osmosis. This phenomena can be considered in someway as the counterpart of the

electrophoresis. Electro-osmotic flows are the result of an electric field interacting with the diffuse

double layer, generated by the surface charge. It differs from electrophoretic in that the surface

is assumed at rest with respect to the fluid. If we consider a particle close to the substrate, its

movement will be restricted by the surface. Then, the interaction between the particle and the

electric field can be studied in terms of electro-osmotic flows. The diffuse layer is composed of a

mixture of oppositely charged species, but with a net charge that neutralises the surface charge

(together with the charges in the Stern layer). Hence, electro-osmotic flows and electrophoretic

forces will act in opposite direction. In the electro-osmotic effect only the electric field parallel

to the charged particle surface is taken into account. At the lengthscale of electro-osmotic flows

(that is, in the order of κ−1), the particle surface can be considered as a plane. Then, considering

the axis defined in Figure 1.4, the velocity of the ions located in the diffuse layer will be given by

[56]:

vx(y) =
ǫ

4πµ
[Ψ(y) − ζ]Es (1.18)

where, vx is the velocity profile of the counterions in the diffuse layer, ǫ and η are the permittivity

and viscosity of the fluid, Ψ(y) is the electrostatic potential as a function of the y-coordinate. This

potential equals the Zeta potential at y=0, hence, a no slip condition (vx(0) = 0) was imposed in

the derivation of equation 1.18. Es is the electric field at a distance κ−1 from the particle surface.

4.Streaming potential. An estimation for this effect can be obtained from the expression deduced

for a capillary tube of radius a on which a flow is imposed by a pressure difference ∆p (see Figure

4.1(a)). The surface of the capillary, in contact with the fluid, is negatively charged. Thus, the

flow drag the positively charged diffuse layer generating an electrostatic potential. Assuming that
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Figure 1.4: Schematic representation of a colloidal particle subjected to an external homogeneous

electric field. Left: Electrophoresis - Under the action of an external electric field E∞ the colloidal

particle acquire a velocity U towards the oppositely charged surface. Right: Electro-osmosis -

the charges ρe in the diffuse layer (diffuse counterion cloud) will present a velocity profile vx(y)

as sketched; vx = 0 at y=0 (no slip condition at the slipping plane, see Figure 1.2) and a limit

velocity Vs at the Debye length κ−1. Es is the electric field at the outer edge of the double layer

S+. Recall that κ−1 is on the order of 10 nm, thus the rectangular axis approximation presented

here is valid. Images extracted from [56].

κa≫1, where a is the diameter of the capillary tube, the streaming potential is observed to be

independent of the capillary diameter and it can be expressed as [54]:

Vstr =
ǫ0ǫζ∆p

ηK
(1.19)

where K is the bulk conductivity.

5.Sedimentation potential. In this case, the sedimentation of particles induce a displacement of

the diffuse layer with respect to the particle core (see Figure 4.1(b)). This displacement generates

a electric dipole moment ~p which give rise to the potential drop in the direction of gravity. The

radius of our particles R satisfy that κR≫1. Hence, the limit formulation derived by Smoluchowski

is applicable and the sedimentation velocity Vsed will be given by [54]:

Vsed = −
ǫ0ǫζ∆δgφ

ηK
(1.20)

where, ∆δ is the density difference between the particle and the fluid and φ is the volume

fraction of the suspension.

1.2.2. Other phenomena

In addition to the electrokinetic effects, there are a series of phenomena that affect the trans-

port of particles, specially near the contact line. We will consider three phenomena: electrowet-

ting, electrostatic, and capillary forces.
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Figure 1.5: (a) Schematic representation of a cylindrical capillary tube of radius a where a

difference of pressure ∆p impose a Poiseuille-type flow. The surface of the capillary has a negative

surface charge that generates a diffuse layer oppositely charged (represented by the plus signs

in the figure). Image extracted from [54]. (b) Microscopic representation of the origin of the

sedimentation potential. Under the effect of the gravity the movement of the particle perturb

the diffuse layer (represented by the plus signs), δf and δp are the density of the fluid and the

particle, Vsed is the velocity of sedimentation, and ~p is the induced electric dipole.
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Figure 1.6: Schematic design of an electrowetting experiment. When voltage is applied the contact

angle modifies from the Young angle θ0 to a new equilibrium position θ. This is accompanied

with an increase of the wetting area dA (dA cosθ is the projection over the fluid free surface).

The initial charge density σL and σM (in the liquid and electrode, respectively) increases by a

magnitude dσL and dσM . The system as a whole behaves as a parallel capacitor with a dielectric

layer (thickness d)

1.Electrowetting. The standard setup in an electrowetting experiment is composed of two elec-

trodes, an insulating layer and the conducting fluid (see Figure 1.6).

Following Verheijen and Prins [57], consider that, due to the applied voltage, the drop wets

an area dA larger than when the voltage is zero. Then, the change in free energy is given by:

dF = γSLdA − γSV dA + γLV dAcosΘ + dU-dWB (1.21)

where, γSL, γSV and γLV are, respectively, the free energies between the solid/liquid, solid/vapour

and liquid/vapour interfaces without electric field. The energy used to create the electric field
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between the liquid and the counter electrode is denoted as dU , the contact angle without field is

Θ0 (in Figure 1.6). The term dWB represents the work made by the power source to supply the

extra charge. If we consider the fluid as a conductive media, the ensemble behaves as a parallel

capacitor where the electrostatic energy is stored in the field inside the dielectric media. The

stored energy can be calculated as usual:

U

A
=

∫ d

0

1

2
~E · ~Ddz =

1

2
dED (1.22)

where z is the direction perpendicular to the substrate, and d is the thickness of the dielectric

layer. ~E is the electric field and ~D the displacement charge. Thus, the change in F due to the

redistribution of charges (due to an infinitesimal change on the droplet wetting area dA) will be:

dU

dA
=

1

2
dED =

1

2
d
V

d
σL =

1

2
V σL (1.23)

where σL is the surface charge density in the area of the droplet that is in contact with the

dielectric. Finally, the work made by the power supply can be expressed as:

dWB

dA
= V σL (1.24)

Replacing equations 1.23 and 1.24 in 1.21, and minimising F (i.e. dF/dA = 0), we obtain the

expression for the traditional Young equation corrected with the electrowetting contribution:

dF

dA
= γSL − γSV + γLV cosΘ +

1

2
V σL − V σL = 0

γLV cosΘ = γSV − γSL −
1

2
V σL + V σL = γSV − γSL +

1

2

d

ǫ0ǫr
σ2

L

= γSV − γSL + γEW (1.25)

where,we used Gauss law (σL = ǫ0ǫrV/d, ǫr and ǫ0 are the relative permittivity of the dielectric

layer and the permittivity of vacuum, respectively). In equation 1.25, the surface tension asso-

ciated to the electrowetting was labelled as: γEW = 1
2

d
ǫ0ǫr

σ2
L. Additionally, this equation can be

reformulated by incorporating the Young expression for the contact angle. To do this, we consider

equation 1.21 without electric field (dU = 0 and dWB = 0) and replace the terms common to

equation 1.25:

dF

dA
= γSL − γSV + γLV cosΘ0 = 0

γSV − γSL = γLV cosΘ0

γLV (cosΘ − cosΘ0) =
1

2

d

ǫ0ǫr
σ2

L (1.26)

2.Electrostatics. Early in this chapter, we mentioned that the interaction between charged sur-

faces is mainly governed by the superposition of two potentials: one attractive and the other

repulsive. The electrostatic effect of the DC electric field can be understood as an increment of

the potential represented in equation 1.15 [58]. In our experimental geometry, the parallel plate

configuration will tend to give an homogeneous field. Nevertheless, perturbations are unavoidable,
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in particular in the contact line where the material changes (from water to humid air). Despite

this, when a particle approaches the substrate, the interaction between particle and substrate

takes place solely through water, hence, we will assume that the medium is homogeneous and

the change in the electric potential consists only in a larger UA (in figure 1.3). In our results we

focus in the positive electrode, thus, we will only consider the interaction of the particles with

the positive electrode. As the particles are negatively charged, the interaction potential will be

represented by the superposition of two attractive potentials. In Figure 1.7 we sketched what

would be the effect contribution of an increasing DC field over the general potential.
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Figure 1.7: Schematic representation of the effect of superimposing a homogeneous field to the

London-Van der Waals interaction potential (Figure 1.3) between charged surfaces.

3.Capillary forces. If particles in suspension behave as hard spheres, an increase of the concen-

tration drives the system through a first-order transition to a crystal order [11, 59]. Different

structures can be formed by coupling the interaction potential with external fields [60–63]. Nev-

ertheless, when the suspension dries, the capillary forces play a major role in the interaction

between particles. During the drying process the capillary processes overcome the effect of the

electrostatic interaction and they govern the colloidal crystal formation process [44, 45]. In the

following, we will introduce the basic concepts related to the capillary effect over particles on an

interface.

Vertical deposition crystallisation has been used extensively in several configurations [26, 45,

64–67]. Nevertheless, the phenomena that give rise to the crystal was firstly studied on drying

horizontal drops [8, 68] and remained largely unchanged on the vertical deposition scheme. This

is due to that suspensions are stabilised such that gravitational forces are negligible. Additionally,

in vertical deposition experiments we used polystyrene spheres, the density of which is close to

the one of water (the dispersive medium). Thus, gravitational effects are minimised.

The process trough which the dried crystal is built was first named as convective self-assembly

by Adachi et al. [8] referring to the formation of striped deposits at the contact line of an

horizontal drop (coffee ring problem). Conceptually, there are two processes taking place which

are responsible of the crystal formation. On one hand, the evaporation brings particles to the

contact line where they start to deposit on the substrate. On the other hand, when particles
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are close enough, the capillary forces pull them together. Once a structure is being formed, the

evaporation of the fluid through its pores induces new hydrodynamic flows that favour the growth

of the structure.

To be more precise, consider the Figure 1.8(a). The evaporation through the deposited struc-

ture can be characterised by a flow (Je). This depends on the exposed area which, in turn,

depends on the structure deposited and on the height of the fluid wetting this structure (l, in

Figure 1.8(a)). The continuity equation requires this flow to be balanced by one coming from the

bulk of the suspension. This flow can be separated in two terms: the flow of particles (Jp) and

the flow of the fluid phase (Jw). As the flow gets to the previously deposited structure, the fluid

filters through the structure pores, while the particles become part of the structure. In Figure

1.8, we label the velocity at which the structure grows as vc. In this process, there is not a well

defined mesoscopic contact line. While the structure is wet, each deposited particle has a contact

line (see Figure 1.8 (b)). Additionally, the point where the deposited structure finish and the

meniscus starts could be difficult to establish, in particular when different structures are formed

simultaneously [69, 70]. Therefore, in this work, when we mention the contact line, we refer to

the position at which the structure is growing. Then, the velocity of the contact line is actually

the velocity of the growing front, or in other words, the velocity at which the structure is formed.

This is the velocity denoted as vc in Figure 1.8 (a).

Capillary forces become relevant once the particles are close together. If the particles have

the same wetting properties the force is always attractive [71]. Thus, capillary forces bring the

particles together contributing to form a compact structure. Nevertheless, in a situation like the

one showed in Figure 1.8 (right) the attractive capillary force will compete with the interaction

between the particle and the substrate in which it rests. The interaction (not shown in the Figure)

can be interpreted as a disjoining pressure that push particles over the substrate surface. This

pressure is usually represented by an interaction potential, like the one sketched on Figure 1.3, that

only depends on the charges of each surface. Hence, if the charges in the surfaces remain constant,

the interaction only depends on the distance between surfaces. Capillary forces, on the contrary,

become stronger as evaporation takes place. This can be understood from the dependence of the

capillary force upon the geometric parameters of the contact line [71]. In Figure 1.8(b) (taken

from Kralchevsky and Nagayama’s book), we show two spheres interacting by immersion capillary

forces, from [71] the direction and magnitude of those forces can be determined from:

FCa ∼
∑

k=1,2

Rk(hk − hk inf)cosαk (1.27)

where Rk is the radius of the sphere, hk inf is the height of the fluid layer far from the spheres and

hk is the position of contact line over the sphere respect to hk inf , αk is the contact angle, and the

k-index refers to each sphere.

In a dynamical situation, evaporation tends to decrease the level of the wetting fluid. If we

consider the situation sketched in Figure 1.8(b), after certain time, evaporation could produce

a change in the angles or heights at which the fluid phase wets the particles. Dynamically, the

contact angle is stable over a range defined by the advance and receding contact angle [72]. Thus,

as the level of fluid decrease, the contact angle αk decreases, as long as it is larger than the

receding contact angle. While, the wetting height hk remains constant. Then, from equation 1.27

we see that the capillary force increases.
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Figure 1.8: Convective assembly. (a) Schematic representation of a convective assembly process:

evaporation on structure (Je) induce flows from the bulk suspension (through the continuity

equation). Once the particles are close enough capillary forces bring them together to form

the structure. vc is the velocity at which the structure grows. (b) Schematic representation of

capillary interaction between two spheres (extracted from [71]). The dimensions marked are: l0,

the height of the fluid layer far from the spheres; h1 h2, the position of contact line over the

sphere respect to l0; α1, α2, Ψ1 and Ψ2, the contact angles and meniscus slope of the fluid phase

with each sphere; s1 and s2, the distance to the centre of each sphere with respect to the middle

point; 2r1 and 2r2, the diameter of the non-wetted area of the sphere; Vp1 and Vp2, volume of the

particle that displace fluid (outside 2r1 and 2r2). This volume is used to correct the gravitational

potential energy (see [71] for further detail).

Once the contact angle reaches the dynamical receding contact angle, the contact line moves

downwards. Now, the capillary force depends upon hk − hk inf while cosαk remains constant.

As a corollary, given a set of particles in a determined spatial configuration, if the interaction

force between the substrate and the particles deposited on it, associated to the disjoining pressure,

is larger than the capillary forces when the contact line start to recede, the configuration will

remain unchanged. If, on the other hand, the capillary force overcome the particle-substrate

interaction, the particles are pulled together to form a compact structure.

1.3. Models of evaporation induced self-assembly

Several models had been developed to predict the deposit that will result from a colloidal

crystallisation process. One of the first models was developed by Dimitrov and Nagayama [44]

for a dip-coating experimental setup. There, the substrate is softly lift as the structure grows,

i.e. the substrate has a velocity vw that equals vc in Figure 1.8(a). Under this conditions, they

developed a model to predict the withdrawal velocity vw necessary to deposit a structure of k

layers. given by the expression:
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vw = v(k)
c =

βl

0.605

Jeφ

kd(1 − φ)
(1.28)

here, φ is the particle volume fraction of the suspension (thus, 1 − φ is the water volume

fraction), k is the number of deposited layers, d is the diameter of the particles, Je is the water

evaporation flux per unit length (in the vertical direction, it has velocity units), β is a propor-

tionality factor that relates the macroscopic mean velocity of the particles and water molecules

(thus, close to 1 for inertial particles). In this model, l is used as a fitting parameter, it can be

interpreted as the height that the fluid wets over the deposited structure (see Figure 1.8 (a)).

The constant 0.605 is the sphere volume fraction for a perfect hexagonal monolayer, that is the

volume of spheres over the total volume of structure.

This early model is not directly applied to vertical deposition since it considers that the

substrate is in movement. To overcome this difference, Jiang et al. [26] considered that the

substrate is motionless (vw = 0) and that Je = vc, hence simplifying the equation to:

k =
βl

0.605d

φ

1 − φ
(1.29)

This model implicitly assumes that the concentration of particles is constant along the whole

experiment, i.e. φ does not change. Thus the model is limited to situations where the change in

fluid phase (due to evaporation) and solid phase (due to deposition) is balanced. Shimmin et al.

[45] consider a slow vertical deposition process and they assume that the structure forms near

the surface and, then, is transported towards the substrate (as in a Langmuir-Blodgett process

[6, 7]). On these premises, they derived a similar equation:

h(t) =
φ0ve

(1 − ǫ)

(

βl

vc(1 − φ)
+ t(1 −

vs

ve
)

)

(1.30)

where φ0 is the initial concentration of the suspension, t the elapsed time, ve evaporation

velocity and vs the sedimentation velocity of the particles. The first term of Equation 1.30 is

the original Dimitrov model (equation 1.28), where the withdrawal velocity was taken as the

growth velocity of the structure. The second term corresponds to a linear increase associated

to a local increment of the concentration of particles near the meniscus. To justify the latter

term, the authors of [45] considered a situation where the surface of the suspension recedes as

the fluid evaporates. Considering that, initially, the structure is not deposited on the substrate,

the particle concentration, near the surface, increases. This was confirmed by them through

numerically solving the equation for the sedimentation of particles [50]:

∂φ

∂τ
=

∂φ

∂χ
−

vs

ve

∂ (φK(φ))

∂χ
+

D0

hve

∂
(

K(φ) d
dφ (φZ(φ)) ∂φ

∂χ

)

∂χ
(1.31)

here, h is the position of the free surface (measured from some arbitrary origin), D0 is the

Stokes-Einstein diffusion coefficient, K(φ) is the sedimentation coefficient and Z(φ) the compress-

ibility factor for the particular colloidal system, τ = tve/h y χ = x/h are the dimensionless time

and distance. Shimmin et al. [45] observed that for polystyrene particles (1 µm diameter), at an

initial concentration of 0.008%, the concentration of particles near the free surface increased with

time. This result is presented on Figure 1.9 (extracted from [45]). The coordinate Depth in the
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figure is measured with respect to the free surface, i.e. the reference frame moves solidary to the

receding free surface.

Figure 1.9: Solutions for equation 1.31 for an initial concentration of 0.008%. Different lines

correspond to distinct times (measured in terms of distance that the free surface moves respect

to its position at time t=0): 0.3 mm (dash-dot-dot), 0.6 mm (dash-dot), 1.0 mm (dotted line),

1.5 mm (dashed line) and 2 mm (solid line).

This was the first model that included a local change of concentration near the free surface.

Nevertheless, it assumed that the rate at which the structure is deposited is small enough to

neglect the number of particle deposited respect to the number of particles that are been incor-

porated to the accumulation zone below the free surface.

Finally, Lozano and Miguez [46] derived an expression for the number of layers h as a function of

time for a situation with faster deposition rate, thus, considering also the possibility of a decrease

in the number of layers (situation that is not possible to predict with Shimmin’s model). Lozano’s

model reproduced oscillatory and steplike deposits obtained through different procedures:

h(t) =
φveβl

(1 − ǫ)(1 − φ)Vs

[

1 + e−λt

(

λ

ν
sin(µt) − cos(µt)

)]−1

+
φ

(1 − ǫ)
(ve − vs)t (1.32)

Here, (1 − ǫ) is the deposit density. The model includes five free parameters to be extracted

from the fitting to experimental data: initial time t0, initial position of the meniscus R0, the

sedimentation velocity at large times Vs and, the coefficient for the extinction and period of

fluctuations, λ and µ respectively. From the fitting of this model, to experimental data, they

conclude that thicker deposits grow at lower velocities. The experiments used for validation of

these model where done at a lower temperature and they registered growth velocities two order

of magnitude smaller than in our case.
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Chapter 2

Experimental Setup

Our approach to the problem of colloidal crystal formation through vertical deposition requires

to visually access the contact line (i.e. the region where the transition from the fluid suspension

to the solid colloidal structure takes place). Additionally, we look for an easy and robust assembly

of the components of the experimental setup. The design should restrict the evaporation to a

small region which remains constant during the experiment. Also, it should allows us to apply

a homogeneous electric field to the suspension. With these points in consideration we construct

the cell shown in Figure 2.1. Its main characteristics are:

1. geometry: a reduced size that allows easy accessibility. Most of the volume resides in a main

body of inert Teflon R© (Figure 2.1, in black) that support the other elements of the cell

(Figure 2.1, in colour),

2. substrates: rectangular standard glasses (17×18×1 mm3, in cyan in Figure 2.1) are kept

parallel by three 1 mm thick ceramic spacers located as shown in Figure 2.1 (in orange).

They are coated over one face with a 150 nm layer of Indium Tin Oxide (ITO),

3. leakproof: two rubber elements in the front and rear part (Figure 2.1 in blue) are compressed

by a metallic frame (Figure 2.1 in green) that seals the assembly and makes the ensemble

robust.

The conductive side of the substrates faces inward, therefore resembling a parallel plate ca-

pacitor. This arrangement posses the following advantages:

1. optimal homogeneity of the applied electric field to the suspension,

2. visual access to the central area of the contact line during the whole process,

3. mass exchange with the environment mainly takes place between the substrates (on an area

of about 17 mm2),

4. only a small volume of suspension is required (typically ∼ 200 µL),

5. low light intensity needed. The incidence of the light source is done from the rear part of

the cell and it is transmitted through the suspension to the central region of the substrates,

6. possibility of accessing different length scales by changing the external optic setup.

21



22 Experimental Setup

Figure 2.1: Orthogonal projected view of the main body (left) and isometric exploded view of cell

setup (right). The different components of the cell and materials are colour coded as follows: main

body (Teflon R©, black), substrates (ITO and SiO2, cyan), seals (rubber, blue), spacers (ceramic,

orange), compressing frame (aluminium, green)

The setup distribution is shown in Figure 2.2. We project the moving contact line, through

two first surface plane mirrors, on a ground glass screen placed outside a chamber where the

temperature is controlled. The image is digitised with a monochrome CMOS camera (Pixelink

PL-A741, 1.3 Mpx). A bundle of optic fibres incident through the back of the cell, provides

illumination, through a cold light source (150 W halogen lamp, MOTIC MLC-150C). A single

lens images the area of interest. This area is restricted, by the optical setup, to a circular region

of about 5 mm of diameter centred at the front substrate. In each experiment, the cell is moved

by a computer controlled linear actuator (resolution 8 µm) to the focal point of the lens.

Perimeter of area with 

controlled temperature area

Wired connections between 

computer, devices and probes

Figure 2.2: Schematic diagram of the vertical deposition experiment, 1- Cold light source, 2-

Linear translator, 3- Cell, 4- Lens, 5- Mirrors, 6- Screen, 7-CMOS Camera, 8- Computer.

In Figure 2.3, we show a typical temporal record of the environmental parameters monitored

during the experiments. Temperature was controlled at 63 ◦C. It was independently monitored
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by thermocouples inside and outside the suspension. Average humidity was monitored during the

experiment with a thermo-hygrometer (lower limit of calibrated region 2 %RH). The recorded

steady state of humidity was below the lower limit for all experiments. If an electric field was ap-

plied, we additionally monitored the electrical current circulating through the suspension (Figure

2.3, inset).
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Figure 2.3: Typical evolution of temperature, humidity and electrical current (inset) during

transient dynamics until they reach a stationary state. Orange lines mark the time at which the

suspension is inserted. Green rectangles show approximately the measuring period for the contact

line dynamics.

In orange, Figure 2.3, we mark the approximate time at which the suspension was inserted

into the cell. Although while loading the cell, we perturbed the temperature and humidity, a

steady state is almost reestablished by the time the measurements are taken (green rectangles).

In all the cases, we used electrostatically stabilised polystyrene spherical particles (diameter

d = 1.3 µm, polydispersity index φ = 0.039, surface charge σ = -7 µC/cm2). They were obtained

from Dr. Paulke (IAP, Germany) dialyzed and suspended in ultra-pure water at a concentration

of 7.43% w/w. The suspension used in the experiments was prepared by dilution with ultra-pure

water.

We clean the cell following a previously established procedure [92]. The cell components,

except substrates, were cleaned prior each experiment with soap and, intense and consecutive

rinsing of normal, distilled and ultra-pure water. We used new substrates for each experiment,

which were cleaned in two steps: 15’ in sonication (in acetone) and 30’ in a hot bath (66 ◦C, in a
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basic piranha solution, water:hydrogen peroxide:ammonium hydroxide - 5:1:1). Each component

of the cell was dried with N2 gas, and kept in a clean vial to minimise contamination. After this,

we mounted the cell and placed it inside the chamber at 63 ◦C.

The piranha cleaning procedure activates the ITO surface giving a highly hydrophilic substrate.

This is not the equilibrium state for the surface [93, 94], and it evolves increasing the hydrophobic

character until equilibrium [95] is achieved. In our case, the contact angle of water drops placed

on the substrate increased even two hours after the cleaning. We verified the effect of the wetting

properties of the substrates by comparing two experiments, one carried out immediately after

cleaning and, another done 24 h after. In the first case, we measured a characteristic speed of

3.1 ± 0.2 µm/s, while in the second, it was 0.68 ± 0.03 µm/s. Our interest was to have an

initial contact angle as reproducible as possible, thus, for the following experiments we kept the

substrate into the chamber for 24 h (at 63 ◦C) before inserting the suspension. This time period

reduces heterogeneities in the initial hydrophilic state and, additionally, guarantees that the cell

is thermalised at the working temperature.

We storage the suspensions in a refrigerated environment (5 ◦C) to avoid agglomeration.

Nevertheless, they still sediment. Therefore, prior their insertion into the cell, suspensions were

treated through these steps:

1. sonication (5’): gives a redispersed suspension.

2. hot bath (3’, 66 ◦C): thermalises the suspension at the working temperature.

3. bubbling of N2 (1’): gas bubbles generated by previous steps are eliminated and N2 displaces

most of the dissolved CO2 in the fluid phase.

Each experiment consisted on inserting 200 µL of suspension into the thermalised cell. This

volume filled the cell up to a few millimetres above the observable area. Generally, the initial

shape of the contact line was convex with a maximum in the centre of the substrates, resembling a

saddle point (see Figure 2.4(a)). This shape evolves, above the observable area, to an equilibrium

flat profile (in the central region of the cell) similar to the sketched in Figure 2.4(b). Thus, the

acquired images have a relatively flat contact line. The acquisition rate was of about 3 frames

per second at a resolution of 640 px × 480 px. Images were captured as long as the contact angle

was visible.

Detection of the contact line position

In all the images obtained from the experiment, three regions can be identified. Figure 2.5

(left) shows the central region for a typical image together with a sketch of the lateral view. From

top to bottom the regions are:

1. Deposited structure. Mostly a dark area composed of deposited particles. Usually this

region of the image presents a heterogeneous distribution of intensity. Near the meniscus,

the structure is wet due to the precursor film left by the receding fluid. Far from the meniscus

the deposit is completely dried.
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Suspension free surface profile during experiment
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Figure 2.4: Sketch of the suspension free surface. (a) Initial profile after loading the cell. (b)

Stable profile during the measurement period. Vertical axis is in arbitrary units.

2. Meniscus and contact line. A bright region split the field of view in two areas. The intensity

is maximum in the upper part (contact line) and monotonously decreases towards the bottom

(widening of the meniscus).

3. Bulk suspension. Mostly an area of homogeneous intensity, generally dark. The intensity

decreases smoothly towards a minimum at the bottom of the image.

At very low concentrations, 0.04% and below, this generic picture changed. In this case, the

darker area of the image locates in the meniscus while the upper and lower regions are lighter.

This situation is characterised by leaving nearly no deposit on the substrate. Therefore, further

studies were not carried out.

In the following, we will use a coordinate system on which each point of the image is localised

by its x (horizontal) and y (vertical) coordinates as shown in Figure 2.5. The position of the

contact line will be given by the y component. In the data analysis, we restricted the images used

to a subset of around 1 image from every 30 acquired. Thus, we will measured the position of the

contact line approximately every 10s. In the image shown in Figure 2.5 left, we found a bright

area in the dried structure. This region is more intense than the contact line, as it is confirmed in

the grey level plotted in the right. This makes the detection of the desired peak more difficult. It

is inappropriate to simply consider the position as the maximum of intensity for each x position

on the image. To simplify the discussion, in the following we restrict our analysis to one generic

x position on a typical image. Later on, carrying out the same analysis through the complete set

of data (all x positions and for all frames) we reconstruct the contact line position along time.

To avoid the detection of a high intensity region in the deposited structure, instead of the

contact line, we use the fact that the bulk is always dark and highly homogeneous. We calculate

the slopes of the lines that join each point of the grey level with the last point of the profile

(as the green and red dashed lines in Figure 2.5 right). This calculation increases the intensity

difference between peaks in the dried region, and the contact line (see d and D in Figure 2.5

right). In the example presented here, the deposited structure was d more intense than the

contact line, after the calculation, the contact line is D more intense than the structure. Thus,
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Figure 2.5: Contact line raw data and position identification. Left: Central portion of a typical

frame and a sketch of the lateral profile. At the top there is the heterogeneous dried region and

at the bottom the bulk suspension. Right: grey level for the horizontal position highlighted in

the left image (in blue). Red and green dashed lines denotes examples of the slopes computed to

identify the y coordinate of the contact line a that particular x position (d and D are the distance

between the two main maxima before and after the calculation). Grey area is a disregarded zone

where the maximum was not searched for.

we selected the y-coordinate at which the slope is maximum, as the contact line position. This

procedure reduces the probability of error, that will occur, only, if a peak is on the right of the

green dashed line (see Figure 2.5 right). This could happen, specially at early times when the

contact line is near y=0, where the slope is minimum. But, at those times, a small region of

deposited structure is visible and, therefore, we have very little heterogeneity on the image. As

time evolves, more structure is deposited and heterogeneity increases. Nevertheless, the slope

that we compute becomes larger and the program distinguishes the peak in the contact line from

the ones in the deposited structure.

A drawback of this calculation is that it increases small heterogeneities near the reference point

(at the bottom of Figure 2.5 right). Hence, the program is restricted to images on which one of

the sides of the high intensity peak is highly homogeneous. In our case, there is noise in the bulk

that is amplified by the calculations. This could interfere with the detection of the contact line,

thus we do not search for a maximum in the last 50 pixels of the grey level. This correspond with

the grey shaded area in Figure 2.5 right.

Finally, the calculation might give a wrong result if, for any reason, a region of high intensity

is close to the contact line (for example, due to the presence of an impurity). This is occasionally

observed but, it gives a position that is fixed at the high intensity peak until the contact line
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is far enough. Therefore, the detected line appears to be stationary and can be filtered out by

considering only non-zero speeds as we do later on.

A typical line obtained from these calculations is drawn in Figure 2.6 (highlighted in blue).

It has been overlaid to a portion of the original image to ease comparison. The computed line

presents several discontinuities that come from the noise on the image and the discrete nature

of the measure. Hence, to obtain a smoother contact line we perform a 6-pixels length running

average, after which the line become like the one highlighted in green (Figure 2.6 right). This

smooth data is the one used in further analysis.

x

y

Not Filtered Filtered

Figure 2.6: Left: Contact line (blue) as detected by the algorithm depicted on figure 2.5. Right:

The smoother contact line (green) produced by a running average of 6 pixels.

From this calculation we generate a matrix, each element of which, is the y position of the

contact line at each time and for each x position (represented by the rows and columns of the

matrix, respectively). In Figure 2.7, we show an example of such matrix which is used in the

following to calculate the speed of the contact line.

t i

t i+1

t i+2

t i+3

t i+4

t i+5

xj xj+1 xj+2 xj+3 xj+4 xj+5 xj+6

t

y

xj+4

Figure 2.7: Left: Example of a matrix which stores the position of the contact line (y coordinate)

for each time (ti) and horizontal position of the image (xj) of the image. Right: sketch of the

graphical representation of a typical column of the matrix.

Throughout the calculation, our system of coordinates follows the convention for images (origin

on top left of the image and positive axis to right and bottom, respectively). Thus, the position

of the contact line will increase as the fluid phase evaporates, i.e. as the contact line displaces

downward. Figure 2.8 shows the temporal evolution of the contact line for a fixed x position.

The discretisation of the measure can be clearly observed in the insets (a, b), i.e., we can detect

advancement or receding in no less than one pixel (∼ 8 µm in this case). The predominant

tendency of the position to increase is occasionally broken by a sudden retreat of the contact

line (see inset b). This is a very rapid process that, we think, is related to the relocation of

suspension after a pinning-depinning event taking place outside the visible region (either at the

back substrate or at the edges of the cell).
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Figure 2.8: Position of the contact line as a function of time for one particular horizontal location

(x in figure 2.5). Zoomed regions in the insets show the discretisation of the data (a) and an

atypical event of retreat of the contact line (b).

2.1. Measurements of velocities

Our first aim in the study of the velocities of the contact line is to construct histograms to

represent their distribution. To do this, first it is necessary to extract the slope of the y position

data as plotted in Figure 2.8. We will obtain the velocity by identifying which slope correspond

with a particular sequence of points (like in Figure 2.7). In order to do this, we first need to

decide the timescale that we want to focus on. This timescale is determined by the number of

points considered in the sequence. In order to maximise the retrieved information we want to

consider a proper timescale. If it is too short the velocity will be dominated by the discretisation

and, if it is too long, we will not resolve the local variations from a global mean velocity.

To explore how much we can extend on the time scale we calculated speeds using 5 and 11

consecutive points. For simplification, we consider points separated, in the vertical direction, a

unit or zero distance (in pixels) from each other. Although this may be considered as a limitation,

the contact line only moves in more than one unit near a retreat event on which we will not focus.

Therefore, the velocities will be constrained to slopes from 0◦ to 45◦ that, then, need to be scaled

to real units: µm/s. For each temporal scale, we will study their distribution by building a

histogram.

The construction of these histograms is not a trivial task due to the discretisation of the data

(recall insets in Figure 2.8). This discretisation gives discrete velocities which, additionally, are

unevenly distributed in the velocity space. To understand this, consider a continuous line that
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has been discretised. We want to obtain for each slope a set of points that represents it. Then,

we discretised the line to the closest point on a unit square grid as in Figure 2.7. In Figure

2.9, we show a line which has been discretised according to the grid drawn. We start with an

horizontal line and, then, slowly increase the slope. The first sequence is a set of horizontally

aligned points. As the slope increases the point sequence remain unchanged until furthest edge

of the line displaces 0.5 units in the vertical direction. Hence, for an interval of 0.1 rad (∆y=0.5,

t=5) the same sequence is obtained.
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Figure 2.9: Sketch depicting the process used to the determine the velocity intervals related to

each sequence. Left: a slope is slowly increased and discretised to the points defined by the grey

grid. Middle: when the pattern changes, a new interval ∆m is created. Right: these intervals

define the bins used to build a histogram.

Further increase of the slope gives a new change in the sequence when the second furthest

point displaces 0.5 units, this new sequence will be reproduced for 0.124 rad (∆y=0.5, t=4). We

assign, to this sequence, a different bin on the histogram. Following the same procedure, we see

that a slightly different interval is associated to every sequence.

The sequences become more complex as we increase the angle and the number of considered

points. Therefore, we calculate these intervals numerically through the following procedure:

Step 1 Slopes: we create an array of real numbers representing the increasing slopes covering from

-0.5 to 1.5 in steps of 0.0001, 1

Step 2 Discretisation: the slopes are discretised in a sequence of 5 or 11 points,

Step 3 Allocation: all the slopes that give the same pattern are represented by the same interval

(bin).
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From this calculations, we get a set of intervals (bins) from which we build the histograms. Each

bin has associated only one sequence. Our objective was to extract the velocity from the temporal

sequence of the position of the contact line. To measure these velocities, we extract the sequences

from the matrix of the contact line position (recall Figure 2.7). We took ensembles at the different

temporal scales (5 and 11) and compare them with the ones obtained from calculations (step 2).

When the two sequences coincide (the experimentally measured and the numerically computed),

we assign to the corresponding position in the matrix, the mean value of the associated bin

(obtained from step 3). As mentioned previously, zero velocities were not considered in the

analysis.

Also, we do not consider those cases where distance between consecutive points is larger than

one unit. This events occur very rarely or near a receding event (see Figure 2.8), therefore, this

restriction is not statistically relevant. This calculation does not take into account sequences that

do not correspond to a straight line in the time interval considered. Two of these particular cases

are sketched in Figure 2.10. Here, each point sequence present two characteristic velocities at

shorter timescales (ts) that the one considered (tl).

t

y

t

y

t

t

t
t t

t

l

s

s

s

s

l

Figure 2.10: Two sequences for extreme situations not considered by the calculation velocities.

These are situation where the velocity is not constant in the time scale considered.

In this way, the use of different number of points to calculate the velocity of the contact line

leads not only to choose a particular time scale but, also, a specific set of bins for the statistical

representation (number and size distribution). If short temporal scales are considered (5 points

∼ 50 s, Figure 2.11(a)), we find that the velocities group in a small number of bins. This makes

difficult to distinguish the characteristics of the distribution. For larger time scales (11 points

∼ 100 s, Figure 2.11(b)), the general distribution is similar but, we observe an increased in the

detail of its internal structure.

The probability density function plots showed that the measures present a significant noise

that makes difficult to clearly identify characteristic velocities directly from these histograms.

Therefore, we computed the probability distribution to reduce the effect of the noise. In figure

2.12(a), we show the probability distribution for 5 point sequences (empty circles). Only one

function (black line) can be fitted reasonably due to the few points available. When larger

temporal scales were taken (figure 2.12(b)) the distribution require the sum of three Gaussian

distribution functions (plotted in red, green and blue) to obtain a proper fit (black line). These

fittings were performed in R statistical computing language.

1The restriction to a variation of distance between consecutive points of unity or zero (a.u.) means that the slopes will

be restricted to the interval [0,1] ([0◦,45◦]). The extended interval that we use is to be certain to guarantee all possible

configurations.
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Figure 2.11: Histograms of velocities obtained with sequence of 5 (a) and 11 (b) consecutive

points
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Figure 2.12: Cumulative histograms of velocities obtained with sequences of 5 (a) and 11 (b)

consecutive points. Global fit with Gaussian distributions functions are shown, Left: one Gaussian

fit; Right: one fitting function (black) composed by the sum of three individual Gaussian functions

(shown in colour).

From this analysis, we choose to continue using 11 point sequences for further studies since

they provides a large internal detail and still recovers the main characteristics of the shorter

timescales distribution.

We also tried a traditional approach using equispaced bins but, we found results that depended
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strongly on the size of the bin used. The shape of the distribution changed with the number of

bins, making impossible to perform a correct analysis. This occurred because we created bins

where no velocity were measured. The absence of those velocities was due to the discretisation of

the data and not a physical reality of the system. Thus, we needed to calculate the bins (mean

value and width) to be able to properly construct and interpret the histograms.

We attempt to overcome the problem of discretisation by a sub-pixel determination of the

contact line position. For this, we fitted a Gaussian function to the maximum detected as in

Figure 2.5 and calculate the centroid of the fitted function. Nevertheless, the discretisation

remained and there was not any qualitative improvement on the histograms, which still needed

to be treated as described before (Figure 2.12).

Summarising, for each Gaussian distribution that is fitted we designate a characteristic velocity.

The mean of the fitted distribution is the velocity reported value, and the error of the fitting is

the reported error. The dispersion of the Gaussian distribution represents the degree of influence

of the different random phenomena (thermal and humidity fluctuations, substrate heterogeneity

and presence of impurities) on the corresponding characteristic velocity.

2.2. Evolution of velocities

Recall the matrix where we stored the data extracted from the images of the contact line

(Figure 2.7). From it, we extracted the different velocities but, also, we store the time and

position at which those velocities were measured. Thus, we further extended the study of the

velocities through the analysis of their evolution. For this, we took the mean value of all non-zero

velocities as the velocity at a particular time. The error was taken to be one standard deviation.

In Figure 2.13 we show the typical behaviour observed at low concentration (0.1 %).
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Figure 2.13: Typical temporal evolution for a 0.1% concentration experiment. While characteris-

tic distributions show one maximum, the temporal evolution shows that there are different mean

speeds with very similar values.

It is necessary to draw a distinction between the characteristic velocities and the velocity used

here in the temporal evolution. We used the same raw data in both cases but, the number of

velocities available to calculate each point for the evolution graphs are much smaller than the

ones for the characteristic velocities (on the order of 100 and 100000, respectively). Therefore, the

effect of the fluctuations is more evident and is not possible to carry out the former analysis for
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each specific time. Thus, we chose to represent this data as the mean value and their dispersion.

In this way, a large error indicates that the fluctuation were more relevant at that time. Also, is

important to remark that we are considering velocities located on different position of the contact

line. Hence, at a particular time, a part of the contact line can be affected by a fluctuation (e.g.

a defect on the substrate) while other region can remain almost unperturbed. In chapter 4 we

will explain in more detail the considerations that need to be taken in order to correctly interpret

these evolution plots.

2.3. Scaling factors

Finally, we obtained the velocities in physical units. For this, we compared images taken

after drying (in a standard optical microscope) with in-situ images taken after the fluid phase

had completely evaporated. We used the diameter of the particles as reference to calculate the

scaling parameter (from px to µm). The procedure of comparison is sketched in Figure 2.14. A

composition of 50X optical images is scaled until its main central features overlaps to the ones

on the in-situ image (Figure 2.14 a and b). Then, we average the distance between several points

of this rescaled 50X image and the same image at the original scale. This gives a first scaling

parameter from in-situ scale to the 50X one (Figure 2.14 a or b, to c). Similarly, average distance

between points on common areas at different magnifications gives a factor of scale for 50X to

100X (Figure 2.14 c to d) and 100X to 400X (Figure 2.14 d to e). Finally, in 400X images we

measure the distance between spheres and compare it to its diameter (1.3 µm). The successive

multiplication of these factors gave the final scaling parameter from the in-situ to the real length

scales (in µm per px). To ease the location of the area observed in-situ, when working with the

optical microscope, we marked the external face of the front substrate (shown in green in Figure

2.14).

in-situ scale 50X 100X 400X

in-situ 50X  Composite

Figure 2.14: Calculation of scaling factors for in-situ images. a: in-situ image with the reference

mark (green); b: 50X composite scaled to match in-situ scale (reference mark in green); c: 50X

image at original scale (correspond to blue square in b); d: 100X image of the red area highlighted

in b and c; e: 400X image of yellow area in b, c and d. At 400X scale individual particles are

clearly identified (see inset in e)

In table 2.1, the scaling factor for each experiment is presented. Only the factor between the in-

situ (50X rescaled) and the 50X (original scale) images changes from experiment to experiment.

The other images used for the scaling (50X, 100X and 400X) are always taken with the same

optical arrangement (established by the microscope) and, therefore, related by the same scaling

factors.
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Measure Scaling parameter µm/px

0V - 0.1% 8.7±0.4

0.2V - 0.1% 10.0±0.4

0.4V - 0.1% 8.8±0.3

0V - 0.3% 5.5±0.2

0.2V - 0.3% 8.9±0.5

0.4V - 0.3% 9.4±0.4

0.6V - 0.3% 10.8±0.4

0V - 0.5% 8.4±0.3

0.2V - 0.5% 7.0±0.2

0.4V - 0.5% 8.5±0.4

0.6V - 0.5% 6.6±0.1

Dimensionless scaling factors (common to all measures)

50X-100X 3.97±0.02

100X-400X 2.50±0.01

400X-µm 0.32±0.02

Table 2.1: Scaling factors for each experiment calculated by multiplication of the three common

factor to all measures (100X-400X, 50X-100X and 400X-µm) and the final scaling from 50X to

the in-situ images scale. Common factors arose from scaling between objective on the microscope

images.
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Results

We focused the vertical deposition experiments to explore the effects of two parameters: the

concentration of the suspension, and the applied electric field. We varied the concentration be-

tween 0.1% and 0.5% w/w. This range, despite is small, gives rise to a great variety of structures,

ranging from sparse submonolayer to multilayer deposits. In all the results reported here, we re-

strict to the findings on the front substrate where the positive electrode is connected. Hydrolysis

of the suspension limited the magnitude of the electric fields to values from 0 to 0.6 V/mm. Fields

of 1.2 ∼ 1.5 V/mm produced strong flows that distort the deposition process near the meniscus

[92]. This is consistent with the electrolysis of water molecules that take place at around 1.23 V

[97].

First, we will describe the different structures observed and their abundance in relation to

the initial concentration of the suspension. Later, we will present the results regarding the

characteristic velocities of the contact line. Finally, we will show the evolution of this velocity

and macroscopic flows that appeared in the bulk of the suspension.

3.1. Deposited structures

The structure deposited over the substrates is highly heterogeneous. We observed from very

sparse submonolayer to multilayer deposits. In this work, we will group the structures in four

different categories. This classification implicitly takes into account the relationship between the

movement of the contact line and the presence of particles in its neighbourhood. This relation,

and its role in the formation of these structures, will be explained in detail in the next chapter.

Non-compact deposit (NC). This is a submonolayer structure characterised by a very sparse

distribution of particles. They arranged mainly in short chains (a few particle diameters

length) oriented parallel to the contact line (Figure 3.1(a)).

Non-compact dense deposit (NCD). Also a submonolayer structure, the particles arranged

in closed packed bands one monolayer thick and a few particle diameters wide. They are

interconnected through small vertical clusters or chains (highlighted in Figure 3.1(b)). The

bands are mainly oriented parallel to the contact line.

Compact monolayer (CM). This is a mostly close packed structure one layer thick, and,

at least, several tens of particle diameters wide (see Figure 3.1(c)). Domains are small
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(typically they expand less than 10 particle diameters on each direction). We did not observe

any preferred orientation on the domains. A typical Fourier transform of these structures

showed an homogeneous ring intensity pattern (inset in Figure 3.1(c)). The upper and lower

boundaries of a CM region were, typically, parallel to the contact line.

Multilayer (ML). Regions more than one layer thick appear as dark areas in the bright

field optical microscope (see Figure 3.1(d) left). We do not have the instrumentation to

measure the thickness of the structure, but using an in-line microscope setup we estimate

that should be on the order of ten layers. Using this setup we can also estimate the structure

of this multilayer that is typically very heterogeneous (see Figure 3.1(d) right). Multilayer

arranged parallel to the contact line. Typically a structure with square symmetry precedes

the transition from a monolayer to a multilayer as observed in similar experiments [98].

(a) Non-compact (NC) (b) Non-compact dense (NCD) (c) Compact monolayer (CM)

(d) Multilayer (ML)

Figure 3.1: Microphotographs of the different structures observed over the substrate. (a) The less

dense structure characterised by unconnected chain-like groups of particles. (b) Slightly denser

structure of close-packed bands interconnected by vertical chains or small clusters (circled in red).

(c) A close packed monolayer that expands over the substrate for several tens of particle diameters.

Typical Fourier transform of these areas presented as a homogeneous ring (inset). (d) Multilayer

structures appear as dark regions in a bright field microscope (left). With an in-line illumination

setup the dark region reveals to be particles forming a heterogeneous structure (right).

In Figure 3.1(d) right, the multilayer area shows several regions with different intensities.

Through focusing at different points we confirmed that this patches correspond to groups of

particles at different heights. Thus, despite we do not have precise access to the three-dimensional
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structure we estimate that the multilayer does not present a flat homogeneous thickness but a

rough and heterogeneous top surface.

In certain situations, these structures formed a macroscopic columnar arrangement. Figure

3.2 shows two examples occurring at different concentrations (0.1 and 0.3%, respectively). In

all our samples, these columns tend to widen (in the plane of the substrate) as the contact

line moves. While the multilayer columns tend to finish abruptly (Figure 3.2(b)), the submono-

layer columns (Figure 3.2(a)) reduce gradually until they disappear. Additionally, the columnar

structure showed a stripped pattern, parallel to the contact line. These stripes corresponded, in

general, to transitions between different structures.
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Figure 3.2: Columnar arrangement of structures. (a) At low concentration (0.1%) the NC

structure brakes into several columns separated by areas without deposition. As the empty region

widens, new branches of deposits are created. This image is a composite of 4 photographs, thus

the different intensities observed. (b) A similar situation occurs at larger concentration where

ML structure starts to grow in localised points from which columns develop.

We observed that, in the range of concentrations used, some structures were more common

than others. At low concentration (0.1%), NC structures covered most of the surface. They

were only interrupted by some thin monolayer bands or a columnar breaking, like the ones in

Figure 3.2(a). This breaking turns less frequent as the electric fields increase, while the number

of monolayer bands appears to increment. At 0.3%, we obtained a mixture of all the defined

structures. Nevertheless, in most of the substrate we encountered the NCD type. The second

most common structure was ML, the proportion of which, with respect to NCD, increased with

the electric field. At 0.5%, we observed all types of structures, although ML appears as the

dominant one. The increase in concentration and voltages, was accompanied with an increase in

the heterogeneity of the structure deposited. While, at low concentration, the substrate appears

to be covered mostly by the same structure, the larger the concentration and voltage are, the

more heterogeneous the structure becomes. In Figure 3.3 we present a series of images of the

central region of the substrates analysed, the images are arranged such that the applied voltage

increased from left to right. The first row corresponds to 0.3% experiments. The second row are

experiments made at 0.5%.
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Figure 3.3: Sequence of macroscopic images of deposits encountered at increasing voltages. Top row 0.3%. Bottom row 0.5%. Columns

are 0 , 0.2, 0.4 and 0.6 V/mm, from left to right. Highlighted in green are the reference marks made for localisation of the areas visualised

during the experiment. The width of each image is of 11 mm.
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A particularly interesting arrangement was found when the NC or NCD structure was de-

posited in the presence of constant electric fields. This structure is characterised for thin bands

arranged parallel one to each other, and separated for an approximately constant distance. On

figure 3.4(a), we show two regions that presented this structure. Each image, it is accompanied

by a portion of its Fourier transform that clearly shows maxima associated to the banding. The

left image correspond to a field of 0.2 V/mm and an initial concentration of 0.5%, in the right

image the field was of 0.2 V/mm and the concentration was 0.3%. From the images is clear

that the larger concentration case has a less dense structure. This is due to that the structure,

deposited in a particular area, depends on the local concentration near the meniscus instead of

on the initial one. This pattern of alternating stripes is similar to some situations observed in

dip-coating experiments [99]. Also, we observed that this banding disappears for further increase

of the field strength as it is shown in Figure 3.4(b).

(a)

(b)

Figure 3.4: (a) Banding observed in some NC or NCD structures on experiments carried out at

moderated electric fields. The Fourier transforms show that the distance between bands is roughly

constant. These images corresponds to two experiments made at 0.2 V, the initial concentration

of the suspension was 0.5% (left), and 0.3% (right). (b) Further increase of the electric field is

accompanied with the disappearance of the banding. Image corresponds to an experiment at

0.6 V/mm and 0.3% of initial concentration.
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3.2. Characteristic velocities

We already discussed in chapter 2 the issues that arose from having discretised measures. Now,

we will introduce the characteristic velocities obtained at the different experimental conditions.

The first aspect we observed was that, when increasing the initial concentration, more than

one characteristic velocity emerged. At the lowest concentration, the probability distributions

typically were well fitted by one Gaussian distribution function which we associated to one char-

acteristic velocity. At 0.3 and 0.5%, we measured two velocities. In Figure 3.5, we show an

example of these two cases. On the left, the probability distribution for a typical 0.1% experi-

ment (empty circles) is correctly fit with one Gaussian distribution function (red curve). On the

right, we show a similar histogram when we used a larger initial concentration, here, two functions

(red and blue) were needed to fit the experimental data (empty circles). The parameters of the

fit for each Gaussian are colour coded in the top left of each plot.
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Figure 3.5: Typical probability distribution (empty circles) for the characteristic velocity deter-

mination. (a) Low concentration situation at which one well defined peak is fitted using a single

Gaussian distribution function (red line). (b) At higher concentration experiments, we repeatedly

observed a bimodal distribution, which was well fitted by the sum of two Gaussian distribution

functions. We show in colour each individual function and in black the sum of them. At the

top left of each plot we show, colour coded, the parameters for each fitted function: w - relative

weight of the characteristic velocity, mu - characteristic velocity (mean of the Gaussian function),

s - standard deviation, p - relative height of the probability density function.

Electric fields did not modify the number of characteristic velocities observed. Nevertheless,

they did displace the position of the peaks, i.e. the mean velocities. In Figure 3.6, we summarised

the results for each experimental condition. We used the same scale for the axis in all the graphs

to ease comparison. A first interesting aspect of these results lay on the effect of the voltage,
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with respect to the initial concentration, it seems to differ on each case. Indeed, in the figure

we observe that, at low initial concentration, mean velocities do not show a significant change1.

On the contrary, at 0.3%, a low electric field strength (0.2 V/mm) shows an increase on both

characteristic velocities. Larger applied fields appear ineffective. At 0.5%, the field affects different

both velocities, the large one decrease while the small velocity increases slightly. For the extreme

conditions of 0.5% and 0.6 V the low velocity peak showed a very extended distribution and its

maximum coincide with the well defined high velocity peak.
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Figure 3.6: Characteristic velocities. The evolution of these velocities as a function of voltage

and concentration can be appreciated. All axes have a common scale to ease comparison.

3.3. Evolution of the velocity of the contact line

We pursued a more detailed analysis of the velocities considering its temporal evolution.

Throughout our image analysis, we store the position and velocity of the contact line for each

point in the image. To study the evolution, we summarised the measured velocities, at a same

time, through their mean and standard deviation. These are taken as the central value and the

associated error, respectively. As done previously, we only consider the non-zero velocities. In

Figure 3.7 we show the typical results for each concentration, without electric fields. The lowest

concentration case, particularly differs from the other two. In this situation, the error bars are of

the same order of magnitude than the displacement of the mean velocity (see Figure 3.7(a)). This

is consistent with the single peak observed in the histograms plotted in Figure 3.5(a). At higher

concentration, the error bars are considerable smaller than the mean velocity displacement. In

1For the point at 0.2 V/mm, the program did not detect the contact line on much of the area of the substrate, thus the

statistic is poorer than in the other cases. Typically, there were around 105 points identified per experiment.
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Figure 3.7(b) and 3.7(c), we observe clear transitions in the mean velocity. If we compare to the

histograms in Figure 3.6, we can see that the two peaks identified in the histograms correspond

well to the situation of the contact line preferably visiting two different states. In the next chapter

we will relate this temporal evolution to the structures that were deposited on the substrate.
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Figure 3.7: Temporal evolution for the non-zero velocity of the contact line. We plot the mean

velocity and its standard deviation, which represent the central value and the error, respectively.

Each graph correspond to a different initial concentration: (a) 0.1%, (b) 0.3%, (c) 0.5%

3.4. Bulk flows

Another point to address refers to a macroscopic flow observed in the bulk suspension. This

flow, in contrast to the one that carries the particles towards the substrate, is observed at a

macroscopic lengthscale. It resembles a convective flow that could be result of the cooling of the
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fluid as it evaporates at the free surface. We had the best visualisation of this flow using a laser

as light source. In Figure 3.8 we show a snapshot of an experiment where these flows were clearly

observed (0.8 V/mm, 0.3%). We overlaid arrows that indicate the direction of the flow, and two

curved lines that highlight where the transition between flow direction occurs (downward, light

area in the centre, and upward, dark areas on the laterals). These flows were stronger at low

concentration and high field experiments. Also, they were generally asymmetric with a larger

curvature in one side of the cell than in the other. We did not observe a preference respect on

which side the asymmetry appeared. To visualise these flows we needed to increase the intensity

of the light. In this way, the contact line region was oversaturated and it was not possible to

study, simultaneously, the velocity and this macroscopic flows. We concentrated our work on the

contact line dynamics and qualitatively record the presence of these flows for future consideration.

Deposited structure

Meniscus 

Bulk Suspension

Figure 3.8: Sketch of the macroscopic flows observed during experiments. The laser light source

used for this observation gives a speckle pattern that, in turn, results on a granular aspect of the

image. Typically, these flows were stronger in experiments with low concentration and high field

strength.
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Chapter 4

Discussion

In chapter 3 we presented the results with respect to the velocities and to the structures that

were observed on the system. In this chapter, we will discuss on how these two aspects interact

together to give rise to the observed complex dynamics.

Typical parameters in our experiments were:

ρ ≈ ρwater = 1 g/cm3 = 103 Kg/m3

µ ≈ O(µwater) ≈ 1 cP = 10−3 Kg/(m s)

σ ≈ 1 × 10−1 N/m

Re =
ρV L

µ
≈ 10−6

Ca =
µV

γ
≈ 10−8

Density ρ was determined by weighting a known volume of suspension. We were not able to

measure the viscosity but, due to the low concentration of our suspensions, we expect that it

should be of the order of magnitude of the one of water [100]. We estimated the surface tension

by the pendant drop method.

From the magnitude of the dimensionless numbers we infer that the particles approximately

follow the fluid flows (small Reynolds number), and that the flows in the porous medium are

dominated by capillary forces (small Capillary number).

First, we will go back to the temporal evolution introduced in section 3.3 (Figure 3.7). From

the data retrieved in our experiment we have the position of the contact line at each time (recall

Figure 2.5 or 2.8). This position is the y-coordinate on the in-situ images. Therefore we can locate

at each time, the position of the contact line and the structure that was deposited. Although the

in-situ images provide limited information of the structure deposited (due to their low resolution),

in the scaling procedure (Figure 2.14 b) we were able to obtain high resolution images of the

deposited structure. Recall that we associate the growth velocity of the structure to the velocity

of the contact line. Thus, we can compare the velocity of growth with the type of deposited

structure. Some care has to be taken to do this comparison. In general, the deposits are very

heterogeneous. Thus, in many situations different structures have been form, simultaneously,

at different positions of the meniscus. For the determination of the evolution of the velocities

we considered all the velocities at a particular time as only one, through its mean and standard
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deviation. Thus, when multiple structures have been formed simultaneously, at different velocities,

the contact line will tend to deform until it breaks. This is conceptually similar to the movement

of the contact line on a non ideal substrate [101]. This process is complex, and it is difficult

to analyse the contribution of the different regions to the global movement of the contact line.

Therefore, we restricted to regions where the structure deposited was similar along the contact

line. Also, we will not consider positions where we detected a retreat of the contact line.

B B BA A A A

(a) (b)

Figure 4.1: Comparison of the temporal evolution (calculated as detailed in section 2.2) with

the deposited structure. Both sequences come from an experiment made at 0.5% and without

electric field. (a) Top: alternating sequence of the NCD and CM structures deposited on the sub-

strate. Bottom: the corresponding velocity evolution that illustrates a series of transition between

two states. A and B bands indicate approximately the corresponding structures and velocities.

Scale bar represents 13 µm (b) Top: velocity evolution which illustrates a complex sequence of

velocity transitions. Bottom: the corresponding deposited structure. The different regions cor-

respond to different structures built at different rates: slow-monolayer (I), fast-multilayer (II),

slow-monolayer (III), slow-multilayer (IV), fast-multilayer (V) and slow-monolayer and empty

space (VI). Scale bar represents 50 µm

In Figure 4.1, we show two regions for an experiment made at 0.5% and without electric field

together with the measured evolution. Here, we labelled regions that have different structures.

In Figure 4.1(a), A areas are compact monolayer deposits, while B areas are non-compact dense

structures. These areas are closely correlated with the transition from a low to high velocity in

the evolution plot. In Figure 4.1(b) we show an example of the complex dynamics that can be

observed1. In this case, several transitions took place between compact monolayer and multilayer

regions. We observe that multilayer could present high velocity peaks (II and V) and, in occasions,

1Note that in this example the time scale is larger than in Figure 4.1(a)
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low velocity plateaus (like in region IV). In general, we observed that NC and CM structures

were associated to low velocities, while NCD were built at higher velocities. We observed that

multilayer deposits could be form at high or low velocities.

To understand the origin of these observations, let us consider the set of snapshots presented

in Figure 4.2. Here, we see the process of formation of a NCD deposit at large magnification.

The dark area at the top of these images is a CM deposit, the highlighted stripes are few particle

diameters wide. On these images, we observe that the structure starts to form over the substrate

(regions highlighted by the rectangles) but, at some point, part of the structure breaks. If we

concentrate on the transition from images 1 to 2 (in the red rectangle) we see that the band

that was deposited on 1 broke creating an arc above it. Similarly, it occurs between images 3

and 4 (in both rectangles), where structure that was deposited breaks into a new configuration.

This sequence illustrates the process of formation of these NCD structures: flow of fluid drags

the particles from the bulk towards the substrate. The particles reach a stable point where the

interaction between them and the substrate locks the particle in an equilibrium position. Here,

the particles accumulate forming a highly horizontal band. As the fluid that wets this structure

evaporates, the capillary force increases. Then, some particles detach and move towards the upper

structure following the stream lines. These released particles rapidly redeposit without forming

a compact structure (see Figure 4.2 red square in snapshot 2).

The main forces acting on the process of formation are the capillary immersion forces and the

interaction particle-substrate (mainly due to the disjoining pressure). Now, we will detail how

each of the different structures that we observed (classified as in chapter 3) gives a different scheme

for capillary forces and evaporation rates. In Figure 4.3, we show a sketch for each situation:

Figure 4.3(a) - Non-compact deposit (NC). In this case, we found, almost exclusively, chains

oriented parallel to the contact line. This indicates that capillary forces are effective only

in the direction parallel to the contact line. The forces attract the particles to form a chain

but they are not effective at bringing consecutive chains together. This is probably due to

the low concentration of particles near the meniscus. A low concentration implies a small

number of particles dragged to the surface by the flows. Hence, when particles are close to a

deposited structure the capillary forces had decreased. Then, the structure deposited does

not affect greatly the following structure.

Figure 4.3(b) - Non-compact dense deposit (NCD). Particles form a porous structure with

large areas of fluid exposed. As the fluid evaporates, the contact angle between the fluid

and the particles increases. While the particles are fixed to the substrate the increase of

capillary forces increase the flows that bring more particles towards the deposited structure.

Figure 4.3(c) - Compact monolayer (CM). In this close-packed deposit, the fluid exposed

through the pores of the structure is at its minimum. Here the evaporation is minimised

thus, the flows responsible of the drag of particles to the structure are smaller than in NCD

structures. The temporal evolution of the low concentration suspension showed two very

close velocities (recall Figure 3.7(a)). At this concentration, we only observed NC and CM

structure, thus this two velocities can be associated to this two structures (compare Figures

4.3(a) and (c)).

Figure 4.3(d) - Multilayer (ML). Although we do not have access to the internal structure it
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1 2

3 4

Figure 4.2: Consecutive snapshots of the process of formation of a non-compact dense deposit.

The upper region, of each image, is a deposited CM structure; the bottom region correspond

to the bulk. The rectangles mark areas where is evident the formation process:the structure is

initially formed at certain distance from the previous structure (green rectangle, frame 1 to 2);

as evaporation evolves the increasing capillary forces break the structure (red rectangle, frame 1

to 2, and green rectangle, frame 3 to 4). Time between frames is 0.5 s

could present two states: either a three-dimensional close-packed or a heterogeneous porous

structure. In the first case, it would behave similarly to the CM situation where evaporation

in the structure is small. In the latter, it would behave more similar to the NCD since defects

in the structure provide surface that increase effective evaporation rate (see lateral view on

Figure 4.3(b) and (d)). Additionally, a wet thick structure has a larger volume of fluid

incorporated into the structure.

In summary, due to the presence of the structures, the particles in the bulk will be dragged

with different intensity towards the contact line. The different compactness gives distinct exposed

surfaces. Thus, one having larger evaporation rates than others. Continuity equation [8] oblige

flows to be larger in NCD structures than in NC or CM, therefore growing faster. That the

ML grows either at high or low rates could be result from multilayers with different compactness.

The different situations are sketched on Figure 4.4(a) where the velocity at which a structure
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(a)

Non compact 

deposit

(b)

Non compact dense 

deposit

(c)

Compact

monolayer

deposit
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Multilayer 

deposit

Figure 4.3: Schematic representation of each deposit and the capillary forces that the fluid exert

on the particles (marked by the black arrows). (a) In the case of very low concentration, most

common interaction is between particles trapped in the contact line where the capillary forces

bring them together to form lines (like the ones showed on the picture). (b) At slightly larger

concentrations the particles also interact in the plane of the substrate packing in dense bands as

in Figure 4.2. (c) Larger concentration gives a compact monolayer where the structure reached

the minimum of capillary energy. (d) In most cases, multilayer structures present a heterogeneous

thickness (recall comments on Figure 3.1(d)). This give rise to sites where evaporation could be

comparable to the NCD structures.

tend to grow is represented by the number of arrows in the meniscus.

Similarly, this effect of the structure on the flows explains the columnar arrangement presented

in chapter 3 (recall Figure 3.2). Since capillary flows are larger where the free surface has been

perturbed the most, the NC or the ML (on Figure 3.2(a) and (b), respectively) generate larger

flows than their neighbouring structures (bare substrate in the former case and CM or NCD in

the latter [69, 70]). Thus, some kind of feedback mechanism is established where the particles

accumulate around the areas with larger flows (hence, columns tend to widen) and the adjacent
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areas form a less dense structure. Although the initial growth of a columnar structure probably

depends on many factors (local heterogeneity in the wetting, presence of impurities, different local

concentration), once the structure has been formed, the feedback mechanism maintains it and

allows it to grow while particles are available.
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Figure 4.4: (a) Schematic figure representing the effect of the different deposit on the velocity

at which the particles are dragged to the deposition zone. A situation of fast and slow growing

multilayer are denoted as ML1 and ML2, respectively. (b) Scheme representing the deformation

of the meniscus in the vicinity of a columnar arrangement. Here we represent two regions with

large capillary energy that enclose a region with smaller energy. This unbalance of energies

generates flows that tend to increase that difference even more until the structure finally breaks

due to absence of particles in the deposition zone.

As a corollary, the deposited structure is determined by the flux of particles that arrive to the

contact line. This flux depends on the flow induced by the evaporation and on the local concen-

tration of particles near the contact line. The combination of these two elements is responsible of

the complex dynamics that we observe (see Figure 4.1(b)) since they can be affected by several

parameters. Additionally, the concentration will change due to the macroscopic flow (mentioned

in section 3.4), the kind of structure deposited and the velocity at which it is constructed, and

on the structure that has been formed in the neighbouring areas (recall columnar arrangements

in Figure 4.4(b) and 3.2).

In [70] we denoted a region near the contact line from which particles are transported to

substrate (similarly to the introduced by Shimmin et al. [45]). We named this region as Particle

Pool Zone (PPZ) in order to simplify the discussion over the different parameters that affect the

formation of structures. If the PPZ region is depleted, it will not be any particle available to

form a structure. The depletion of this zone occurs when particles are deposited or when they

are dragged to the bulk of the suspension by macroscopic flows (Figure 3.8). Nevertheless, this

flows also can replenish the zone by carrying particles from the laterals of the cell (recall Figure
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3.8). Thus, to obtain a homogeneous deposit, the PPZ should replenish at the same rate that it is

depleted by the deposition. In the unforced system that we study, this condition is not satisfied.

Hence, the structure have the rich dynamics observed in Figure 4.1(b).

Under this picture, what would be the effect of the electric fields? To answer this question,

we will consider the effect of the different mechanisms introduced in section 1.2.1.

1.Electrophoresis. The electrophoretic effect of the fields can be taken into account considering

equation 1.16 introduced on chapter 1:

~u =
q ~E

6πηr
(4.1)

typical values for our system are:

r ≈ 0.7 × 10−6m

Q ≈ 4.4 × 10−13C

η ≈ 1cP = 10−3Ns/m2

E ≈ 1V/mm = ×103V/m

(4.2)

Here, Q is the charge in the surface of the sphere, while q is the effective charge of the surface of the

particle (i.e. Q and the charge in the Stern layer). Thus, before estimating the electrophoretic

effect we need to take into account the Stern double layer effect. The Stern layer will screen

part of the surface charge. Thus, to estimate the electrophoretic limit velocity we will used the

Smoluchowski approximation (valid for κr ≫1) that relates the electrophoretic mobility µ with

the Zeta potential [51]:

µ =
u

E
=

q

6πµr

ζ =
Q

4πǫmǫ0r(1 + κr)

ζ =
ηµ

ǫmǫ0
(Smoluchowski)

u =
Eǫmǫ0ζ

η
∼ 10−5m/s = 10µm/s

(4.3)

This estimation tells us that the electric field can induce a redistribution of the charges in the

suspension (particles and possible electrolytes in solution) until a new equilibrium is established.

The electrophoretic velocity of the particles is in the same direction than the applied fields. Thus,

the particles are not able to travel more than 1 mm at this velocity, that is, the distance between

electrodes. At a velocity of 10 µm/s the particles will cover this distance in 100 s. Hence, we

expect that the electrophoretic will play a relevant role only during the firsts minutes after the

suspension is loaded in the cell. It is clear that is not contributing directly to the velocity of the

contact line since the velocity of the contact line is ten times smaller than this electrophoretic

velocity. Nevertheless, the stationary situation established by the electrophoretic effect could be

disrupted by the flows present in the bulk. Thus, electrophoretic phenomena can still be taking

place at longer times.
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2.Dielectrophoresis. The dielectrophoretic force depends on the spatial heterogeneity of the elec-

tric field. To estimate this parameter we consider the area between the electrodes as composed by

two different materials separated by the contact line. Below we will have the suspension which,

as is mostly compose by water, we will take to have a permittivity of the order of 102ǫ0. In the

upper part of the capacitor we have humid air: that has a permittivity of the order of ǫ0 [102].

Since the difference in permittivities is so large we assume, as a first approximation, that the field

in the region of the meniscus follows approximately the shape of the free surface. The symmetry

of the meniscus imposes that the field can only vary on the yz plane (see Figure 4.5(a)). To

estimate the order of magnitude of this effect, we approximate the ∇E2
0 term as:

∇E2
0 ∼

∆E2
0

∆l
∼

(E(ǫ0) − E(100ǫ0))
2

∆l

∇E2
0 ∼

( σ
2ǫ0

− σ
200ǫ0

)2

∆l
~F = 2πǫma3K∇E2

0 ∼ 10−9 ∗ 10−18∇E2
0 ∼ 10−27∇E2

0

to estimate the order of magnitude of this effect we assume a quadratic electric field with a

minimum at the middle distance between the plates (see Figure 4.5(a)).
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Figure 4.5: (a) Dielectrophoretic effect. Schematic representation of the electric field between

the electrodes. The upper medium is considered as humid air (E(ǫ0)), the lower medium is the

suspension (E(100ǫ0)). The field near the meniscus follow the free surface of the suspension

( ~Em = Em
y y̌ + Em

z ž). Near the contact line the field is orientated with the contact angle (θ). We

take the origin of the coordinate system at the contact line. (b) Electro-osmosis effect. Streamlines

of the flows generated by electro-osmosis near an electrode. When two particles are close enough,

these flows tend to bring them together. Image extracted from [53].
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Hence, the field could be expressed as:

Em
y = E(ǫ0)(z − d/2)2

Em
z = E(ǫ0)(y − l)2

∇E2
0 = ∇(E(ǫ0)

2(z − d/2)4 + E(ǫ0)
2(y − l)4)

= E(ǫ0)
2(4(z − d/2)3 + 4(y − l)3) ∼ 10−3

|~F | = 10−30 N

where, Em
y and Em

z are the vertical and horizontal component of the electric field magnitude E.

All distances are taken to be in the order of millimetres, and we take the largest field to obtain an

upper limit for the estimation. We compare this force with the electrophoretic force to establish

its relative importance:

~Fdiel ∼ 10−30 N

~Fel = q ~E ∼ 10−10 N

From this comparison we conclude that the dielectrophoretic contribution to the transport of

particles can be neglected.

3.Electro-osmosis. This effect has been used to explain attraction and repulsion of particles near

electrodes [53, 103]. The magnitude of its consequences depends on the concentration and type

of electrolytes present in the suspension. We did not have access to this data. The experiments

reported in [103] and [53] were carried out with larger particles (4-10 µm) and smaller fields

(10-100 V/m). In our case, the effect could be relevant, although a quantitative evaluation is

necessary to confirm its contribution. Given that we are observing the positive electrode, the

electro-osmotic flows will tend to bring the particles together [103]. Nevertheless, an ongoing

collaborative research in similar conditions, but in a minimised evaporation setup, suggests that

electro-osmosis effect can be neglected.

4.Streaming potential. In chapter 1, we introduced the effect of fluid flows in a capillary with

charged walls. In our case, a similar situation takes place in the deposited structure. Here

the charged surface (substrate) experiences the flows by the evaporation of water in the porous

structure. From section 1.2.1 we know that the induced field between the upper and bottom part

of the capillary is given by:

Vstr =
ǫ0ǫζ∆p

ηK
(1.19)

If we apply Bernoulli equation between the extremes of the capillary, we get that the pressure

drop will be:

v2
2 − v2

1

2
+ g∆h +

∆p

ρ
= 0

∆p ∼ 103(10−12 + 10−5) ∼ 10−2 Pa

(4.4)

Here, assumed that the fluid velocity at the entrance of the capillary is on the order of 1 µm/s,

the velocity at the end of the capillary is zero, and that the length of the capillary is of the order

of 1 µm.
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We can estimate the bulk conductivity from the current measured during the experiment.

The current is on the order of 0.1 µA, circulating in the space between the substrates. Thus, the

conductivity can be estimated as:

K =
1

ρe
=

l

RA
=

lI

V A

=
10−310−7

10−4
(Ω m)−1

= 10−6 (Ω m)−1

(4.5)

here, we took l as the distance between substrates (1 mm), V =1 V and A=100 mm2; ρe is the

resistivity of the suspension and we used Ohm law: IR = V .

Then, substituting in equation 1.19 we obtain:

Vstr ∼ 10−4 V

Estr ∼ 10−4/10−6 V/m = 102 V/m
(4.6)

This electric field is directed parallel to the electrode surface and, since the surface is positively

charged, it applies a force, opposite to the direction of flows, to the negatively charged particles.

Its magnitude is of the same order of magnitude as the applied fields (∼ 103 V/m). Here, we

have neglected the effect of the diffuse layer of the particles that behaves oppositely. Therefore,

we expect the effect of the streaming potential to be smaller than this estimation.

5.Sedimentation potential. As introduced in section 1.2.1 this potential is given by:

Vsed = −
ǫ0ǫζ∆ρgφ

ηK
(1.20)

The difference in density between the polystyrene particles and water is of the order of 10−3

g/cm3 (or 1 Kg/m3). Thus, using the conductivity that we estimated in the previous paragraph,

the potential is:

|Vsed| ∼ 10−2 V

|E| ∼ 10−2/10−2 V/m = 1 V/m
(4.7)

We expect the effects of this field to be negligible provided that they are 3 orders of magni-

tude smaller than the applied one. Also, we observed macroscopic flows (section 3.4) that had

components in the upward and downward direction. The speed of these flows is much larger than

the sedimentation speed of the particles. Thus, the flows contribution to the potential dominates

over the sedimentation fields. Nevertheless, as the flows have components in opposite directions,

their fields will tend to cancel each other.

6.Electrowetting. The change of the contact angle due to the electrowetting effect can be es-

timated by the equilibrium condition for a parallel-capacitor [104] derived in the introduction

equation 1.26. We rewrite this equation as a function of the voltage difference between electrodes

V:
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cos(θ) = cos(θ0) +
ǫV2

2γ12d
(4.8)

where θ and θ0 are the equilibrium angles with and without fields, respectively, ǫ is the electric

permittivity of the dielectric layer covering the electrode, γ12 is the surface tension between the

fluids (suspension and air in our case), and d is the distance between plates. By studying the

electrowetting effect with this equation, we are simplifying the highly heterogeneous real system

to an idealised situation. In this simple approach, the deposited structure is taken as a dielectric

layer through which the voltage interact with the contact angle, which we consider composed only

by a pure fluid with the physical properties of the suspension. Although this calculation will not

represent exactly the real situation it will establish an order of magnitude for the effect of the

electric field over the contact angle. As a first approximation, we will consider ǫ to be between the

polystyrene and the water permittivities [25,100] ǫ0. In this way, the change in the equilibrium

contact angle induced by the fields will be:

cos(θ) − cos(θ0) =
ǫV 2

2γ12d
≈

[10, 103] × 10−12 N
V 2 × 1V 2

10−7N
= [10−4 10−2] (4.9)

For the different suspensions used, we established an equilibrium contact angle in the interval

[30◦,50◦], without voltage. This implies a maximum change on the contact angle of about 1%

(0.5◦ respect a θ0 = 45◦). Given this small effect, we consider that electrowetting plays a minor

role in our experiment.

3.Electrostatics. We are not able to establish precisely the electrolyte nature and proportion in

the suspension. This information is necessary to quantitatively compare the effects of the different

applied voltages [71]. Nevertheless, as we concentrate on the positive electrode, we know that

the interaction between the particles and the observed substrate will be purely attractive (recall

Figure 1.7). Also, the increase of the electric field gives an increment of the attractive potential.

Thus, the interaction particle-substrate is stronger as we increase the voltage.

In summary, we expect that the effect of electrowetting, dielectrophoresis, electro-osmosis,

streaming and sedimentation potential is going to be small in our system, while the electrostatic

and electrophoretic effects could be relevant.

The current registered during the experiment shows that, initially, there is a rearrangement

of charges that gives a large contribution to the current (recall Figure 2.3). By the time the

measures are done, the steady state of the current is achieved and its value is in good agreement

with the conductivity of ultrapure water (5.5 10−6Ω−1m−1). Therefore, we expect that most elec-

trophoretic phenomena occur in the times previous to the in-situ measures. The electrophoretic

effect is, then, to increase the concentration of particles near the positive electrode. This is in

agreement with the higher density deposits observed on the substrates when higher voltages were

applied.

The electrostatic effect will increase the interaction between the particles and the substrate.

If this interaction is strong enough the capillary force does not drag the particles once they are

in contact with the substrate. This mechanism can address for the periodic banding presented

in Figure 3.4(a). To clarify, let us consider the series of snapshot in Figure 4.2; there we showed

the process of formation of a NCD structure. We observed a two steps formation process: an
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initial highly horizontal band is formed and, in a second step, is disrupted by capillary forces. If

the particle-substrate interaction is large enough the initial horizontal bands would prevail during

the drying process and thus could give origin to structures as the ones shown in Figure 3.4(a).

At higher voltages the bands disappear, as observed in Figure 3.4(b). This could result from the

increase in the particle-substrate interaction, induced by the increase in voltage coupled with an

increment the volume fraction of particles near the positive electrode (due to the electrophoretic

effect). In this situation, is likely that particles will randomly attach to the substrate before

the contact line arrives. When the contact line approaches to this adhered particles it will be

distorted and the resultant deposit could be a highly heterogeneous structure as the ones observed

in Figure 3.4(b).

The effect of voltages on the characteristic velocities (recall Figure 3.6) is a challenging point.

There are many parameters involved that are difficult to evaluate. In what follows we discuss

these issues under hypothesis that the electric field produces an increase of the local concentration

near the contact line.

At low concentration (0.1%) the deposit is dominated by NC structures. Application of the

electric field does not appear to modify this observation or the growth velocity of the deposit. This

observations indicate that the increase of concentration, induced by the electrophoretic effect, is

not enough to allow the formation of more compact structures that are associated to larger speeds

(like NCD).

At 0.3% we found an increase of the velocity with the application of voltages (0.2 V) that

remained approximately constant despite further increases (0.4-0.6 V). Additionally, both char-

acteristic velocities behave in a similar manner. This indicates that structures with low growth

velocity (NC and CM or slow ML) suffer a similar increment that structures with high growth

velocity (NCD and fast ML). This can be the result of the increase of particle concentration in

the positive electrode. With this larger availability of particles, a similar structure (that would

produce similar convective flows despite the voltage) would grow faster since the flows will be

carrying a larger amount of particles. Nevertheless, if this is the case it does not scale with

the increase of the field strength since the velocity saturates rapidly. This could result from a

screening effect originated by the large concentration of particles.

At even larger concentration (0.5%) we found an asymmetric result: high characteristic veloc-

ities decrease, and low characteristic velocities increase slightly. As before, electrophoretic effect

should increase the concentration in the vicinity of the positive substrate. Nevertheless, we would

expect that the velocity would be affected in a similar manner whether their were high or low.

Additionally, in the 0.3% situation we reached what it appear to be a saturation limit. Thus, 0.5%

could be in this limit or above it screening to a large extent the electrophoretic effect. A charac-

teristic of the 0.5% deposits is the large amount of columnar ML structures (recall Figure 3.3).

We established that this kind of deposits tend to perturb their surrounding (recall Figure 4.4(b)).

The effect on the characteristic velocities could be given by interaction of these structures.

Nevertheless, regarding the effect of electric fields on the characteristic velocities it is necessary

to pursue further studies. There are several effects that we have not considered and could play

a relevant role (like the electrokinetic phenomena described above). In order to identify which,

and at what degree, each of this processes is affecting the growth velocity of the structure more

detailed studies are required. In particular, new experimental setups need to be considered that

should allow to investigate these different parameters independently.
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Chapter 5

Introduction

With respect to the vertical deposition, the spin-coating technique is, somehow, on the other

extreme of the colloidal crystallisation framework. It is only very recently that it has been used

to produce colloidal crystals, with long range correlation, in a solid form [33, 35, 40–42]. Its

main advantage resides on the time that it takes to produce a relatively ordered structure: it

ranges from less than a second to a few minutes depending on the experiments. This is a great

improvement compared to the typical weeks or months of other methods.

Typical values for the dimensionless numbers introduced in Chapter 1 are: Re ≪ 1, Ca

[10−4,10−3] and Pe > 1.

The study of a fluid with a free surface in contact with a rotating disk had attracted the

attention of the scientific community for many years. The case of a thin layer of a viscous fluid

was first modelled by Emslie et al. in 1958 [9] for a simple non-volatile fluid. Later, the model was

extended to non-Newtonian [73] volatile fluids and polymer solutions [10]. From these initially

simple models several refinements were developed to consider different aspects that can affect

the spin-coating process [74–79]. The main interest on spin-coating was due to its applicability

on generating thin layers of polymers for microelectronics purposes [80] and, more recently, for

microfluidic devices [81]. Despite the large interest on this subject, the spin-coating of colloidal

suspensions was largely unexplored.

In particular, the study of the dynamics has been restricted mainly to pure fluids [82] and poly-

mers [83]. To our best knowledge, the only previous work on the dynamics of spin-coated colloidal

suspensions was performed by Rehg and Higgings in 1992 [77] through numerical simulations.

The formation of a colloidal crystal through spin-coating was firstly reported in 2004, by Jiang

et al. [40]. In this work, they used silica particles suspended in a polymer solution and, after

several minutes of spinning, found six bright coloured arms as the ones shown in Figure 5.1(a).

They associated these arms to a hexagonal monocrystal structured over the substrate. Later

studies found similar results using volatile suspension [33, 35, 41]. In this case, the experiments

showed either 4- or 6-arms stars depending on the rotation rate and the kind of fluid used (see

Figure 5.1(b) and 5.1(c) bottom). Arcos et al. [35] observed that the structure was not a unique

well ordered crystal but an orientationally correlated polycrystal. They found that the structure

was mostly orientated in the radial direction, rotating around the centre of rotation (see Figure

5.1(c) top).

The long range orientational order is a direct result of the existence of an axisymmetric ar-

59
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(a) (b) (c)

Figure 5.1: Colloidal crystals formed by spin-coating of colloidal suspensions. (a) First report on

non-evaporative spin-coating, made with silica particles suspended on a polymers solution. (b)

Crystals obtained with evaporative spin coating of polymeric particles suspended on mixtures of

different solvents showing two distinct symmetries. (c) Top: Violet laser diffraction patterns that

proved the orientational long range order responsible of the characteristics arms. Bottom, evap-

orative spin coating crystals obtained with silica spheres dispersed in acetone. Images reprinted

from [40] (a), [33] (b) and [35] (c)

rangement of the hexagonal or square structure. Since the structure has a symmetry (hexagonal

or square) as it rotates around the rotation axis, the structure is repeated after certain angle (60◦

for hexagonal and 90◦ for square symmetry). In Figure 5.2, we schematised the two situation

encountered.

5.1. Emslie model for spin-coating of a viscous fluid

The thinning of a fluid layer over a spinning disk was described in 1958 by Emslie et al. [9].

The model assumed a set of simplifications:

1 the disk has an infinite radius. Thus, the model would be valid far from the edges of the

substrate.

2 the disk is perpendicular to the gravity at all times.

3 the fluid over the substrate is radially symmetric, and thin enough for the gravitational

potential variation of its surface to be negligible (compared to the centrifugal force).

4 the fluid is Newtonian, with constant shear viscosity, and the flow is assumed incompressible.

5 the shear stress has only horizontal component.

6 the radial velocity is small enough in order to neglect Coriolis forces.
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(a) (b)

Figure 5.2: Schematised representation of the long range orientational order. (a) An hexagonal

structure that rotates around the centre gives rise to six arms. (b) A square structure that rotates

around the centre gives rise to four arms. The red arrows indicate the direction of the light that

gives constructive interference in the highlighted regions (dark blue).

For the sake of completeness, we are going to reproduce the details in the calculations of

Emslie model. We will group some parameters in a slight different manner for our convenience

in the following chapters. The starting point of the calculation is the momentum Navier-Stokes

equation in cylindrical polar coordinates. From assumption 3 the only relevant contribution to

the dynamics would be given by the radial component and the magnitudes can be assumed to be

independent of θ. From 4 we can assume that the physical properties are constants. Hence, we

start with the radial component of the Navier-Stokes equation:

ρ
(∂ur

∂t
+ ur

∂ur

∂r
+ uz

∂ur

∂z

)

= −
∂p

∂r
+ µ

{ ∂

∂r

[1

r

∂(rur)

∂r

]

+
∂2ur

∂z2

}

(5.1)

Here, we can neglect several terms:

ur
∂ur
∂r , from assumption 6.

uz
∂ur
∂z , then the equation represents a lubrication analysis (i.e. the flow is assumed fully

developed instantly).

∂p
∂r , from assumption 3.

∂
∂r

[

1
r

∂(rur)
∂r

]

, from assumption 5.

Hence, the Navier-Stokes equation is simplified to:

ρ
∂ur

∂t
= µ

∂2ur

∂z2

Here, we can rewrite the acceleration in the radial direction ∂ur/∂t in terms of the angular

velocity:
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ρ
∂ur

∂t
= −ρω2r

thus, equation 5.1 takes the simplified form used in [9]:

µ
∂2ur

∂z2
= −ρω2r (5.2)

where µ and ρ are the dynamic viscosity and the density of the fluid; ω is the substrate rotation

rate. This equation represents the situation where there is a balance between the frictional viscous

force and the centrifugal force. The aim of the model is to analyse the thinning dynamics of the

fluid. To incorporate the thickness h of the fluid layer they used the continuity equation which,

in cylindrical polar coordinates, is:

−
∂ρ

∂t
+

1

r

∂(rur)

∂r
+

∂uz

∂z
= 0

the incompressibility of the fluid (∂ρ
∂t = 0) simplifies the equation to:

1

r

∂(rur)

∂r
+

∂uz

∂z
= 0 (5.3)

Integration of this equation with respect to z leads to:

∫ h

0

1

r

∂(rur)

∂r
dz + uz(h, r, t) − uz(0, r, t) = 0

where uz(0, r, t) = 0 since the substrate is impermeable, and uz(h, r, t) is the velocity of the free

surface of the fluid in the vertical direction; that is, the thinning rate dh/dt:

∫ h

0

1

r

∂(rur)

∂r
dz +

dh

dt
= 0 (5.4)

Now we go back to equation 5.2, from it an expression for ur can be extracted. First, we

integrate respect to z:

∫

−µ
∂2ur

∂z2
dz = −µ

∂ur

∂z
+ C1(r, t) = ρω2rz + C1(r, t)

C1 can be determined considering a no shearing condition at the upper surface (µ∂ur
∂z

∣

∣

z=h
= 0):

0 = ρω2rh(r, t) + C1(r, t) ⇒ C1(r, t) = −ρω2rh(r, t)

again, integrating with respect to z:

∫

−µ
∂ur

∂z
dz =

∫

ρω2r(z − h(r, t))dz = ρω2r
(z2

2
− h(r, t)z

)

+ C2(r, t)

= −µur

ρω2r
(z2

2
− h(r, t)z

)

+ C2(r, t) = −µur
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here, imposing a no slip condition on the substrate surface (ur = 0, z = 0) yields C2:

0 = −µur

∣

∣

∣

∣

z=0

=
(

ρω2r
(z2

2
− h(r, t)z

)

+ C2

)

∣

∣

∣

∣

z=0

= C2

Therefore, the radial speed of an element of fluid can be written as:

ur = −
ρω2r

µ

(

z2

2
− h(r, t)z

)

In the following, we will consider the simplified case of a thickness independent of the radius.

This expression for ur can be used on equation 5.4 and the thinning rate can be determined:

1

r

∂

∂r

{

r

∫ h

0

[

−
ρω2r

µ

(z2

2
− hz
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where ν̃ = µ/(ρω) is the kinematic viscosity divided by the rotation rate and τ = ωt is a

dimensionless time. Additionally, it is separable in τ and h thus, solving it we obtain an explicit

expression for h(τ):
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where C†
3 = −2C3 can be determined with the absolute thickness at a specific dimensionless time.

In 1978, Meyerhofer expand Emslie model to volatile fluids by considering that the thickness

could also change through evaporation. He considered that it was possible to take it into account

in equation 5.5 by simply adding a constant evaporative term ǫ̃:

∂h

∂τ
= −

2h3

3ν̃
+ ǫ̃ (5.7)
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here, we wrote the evaporation rate as ǫ̃ = ǫ/(Aω) to be consistent with the previous deduction,

The evaporation area A is assumed to be constant. Meyerhofer also included the cases of two

components fluids and modelled separately the solid and fluid phase. As a consequence of this

added complexity, it is not possible to explicitly solve the model and it is necessary to search for

a numerical solution for the set of equations.

In chapter 8 we will modify this analysis, by introducing the evaporation rate at a different

point of the deduction. This will allow us to still have an exact result that is in very good

agreement with our experiments.

5.2. Colloidal suspensions under shearing

Recently, Shereda et al. [84] studied the spin-coating of 1 µm diameter poly(methyl methacry-

late) (PMMA) spheres suspended on a non-volatile solvent (dioctyl phthalate) (µ = 718 cP), at a

large concentration ∼35%. In this highly viscous situation, they studied the effect of the shearing

on the suspension crystalline quality. The shear stress τrz can be obtained from integration of

the left term of equation 5.2:

τrz = −

∫ z

h
µ

∂2ur

∂z2
dz =

∫ z

h
ρω2rdz = ρω2r(h − z) (5.8)

In Figure 5.3 (left), we show the change they obtained in the crystalline factor (degree of

crystalline order) as a function of height (h=0 corresponds to the substrate) extracted from

confocal images (inset, in Figure 5.3 left). On the right, a colour plot shows the Péclet number

(calculated from equation 5.8):

Pe ∼ τrza
3/kbT =

6πρω2r(h − z)a3

kbT
(5.9)

They included the 6π factor to maintain consistency with the definition of Pe at the infinite di-

lution limit [50]. From this analysis, the authors observed that the transition from non-crystalline

to crystalline order in the suspension corresponded well with a Pe∼1 (black solid line in the colour

plot, Figure 5.3 right), as observed by Ackerson in shearing experiments [85].

It is known since 1980’s that hard sphere systems present a phase diagram mainly described

by four states as the volume fraction of the suspension increases (see Figure 5.4). At low concen-

tration, the suspension is in a liquid state. As the concentration increases, the system starts to

crystallise locally while coexisting with fluid regions. At a volume fraction of 0.545, the system

crystallises mainly in a rhcp lattice, but between φ=0.58-0.63 the crystal goes to a glass state

[15]. At larger concentration the crystal state is recovered.

The application of a shear to a hard sphere suspension modifies this phase diagram by the

addition of three dynamical regimes depending on the strength of the shearing. Initially, it was

studied with light diffraction [14, 17], and more recently with confocal microscopy [87]. The

diagram is characterised by three basic states as the shearing rate increases (see Figure 5.5). At

low share rates, consecutive layers displace in a zig-zag movement respect to each other. As shear

rate increases, the layers start to move linearly, and eventually, they get disordered in what it is

called shear-induced melting. The confocal observations [87] confirmed that this melting process

is associated to an increase in the fluctuations of the particle position of the order of 12% of the
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Figure 5.3: Left: Crystalline fraction at different heights on the rotating substrates, they were

calculated from confocal images (inset). Numbers indicate three characteristic situation, 1- non-

crystalline, 2- transition region, 3- highly crystalline. Right: Colour representation of Pe (equation

5.9) as a function of radial distance and height, colour scale for Pe is presented on the right.

Examples for the crystalline fractions at three different radial distances are shown, where it is

clearly observed the increase in crystalline fraction as the Pe number increase. The number

above the colour representation indicate the mean crystalline fraction at the corresponding radii.

Figures taken from Shereda et al. [84]

Figure 5.4: Phase diagram for a nearly hard sphere system. As the volume fraction of the

suspension increases a series of transition through a liquid, liquid-crystal coexistence, crystal,

glass and, again, crystal states. Reprinted from [86]

particle separation. This is in accordance with the Lindemann criterion for molecular crystals,

already used by Ackerson to explain this shear-induce melting [14].

The Lindemann criterion establishes that the melting process of a solid starts when the aver-

aged thermal vibration of the atoms or molecules, that compose the solid, are so large that they

invade the space of the nearest neighbours [88–90]. As a quantitative measure, it is complex to

asses. Lindemann proposed that the melting occurred when the amplitude of this vibrations was

of the order of 10% of the nearest neighbour distance. Translated to a colloidal system under

shearing, the thermal vibrations are replaced by shear induced fluctuations, thus the name of
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shear-induced melting.

Figure 5.5: Phases in a sheared colloidal suspension. Symbols represent colloidal particle distri-

bution on a plane parallel to the shearing plane, light symbols are the front layer, dark symbols

are a consecutive layer, arrows indicate the movement of this second layer with respect to the

empty symbols layer. (a) at low shear rates, the layers follow a zig-zag movement. (b) Higher

shear rates produce sliding layers, where second layer particles displace along straight lines. (c)

Even larger shear rates leads to a disordered phase, through a process known as shear-induced

melting. Image reprinted from [91]



Chapter 6

Experimental Setup

We study the spin-coating of silica particles (458 nm±2 nm) dispersed on highly volatile fluids.

We used either acetone or methyl-ethyl ketone (MEK) as dispersive medium. Both fluids have

similar physical properties except for the vapour pressure (see table 6.1).

Acetone Methyl-ethyl ketone (MEK)

Molecular formula C3H6O C4H8O

Density [g/cm3] 0.79 0.805

Viscosity [cP] at 20◦C 0.32 0.42

Boiling point [◦C] 56.5 79.6

Vapour pressure [mmHg] at 25◦C 230 100

Surface tension [mN/m] 25.2 26.4

Table 6.1: Physical characteristics of acetone and methyl-ethyl ketone

The particles were acquired in dried form (Angströmsphere
TM

, commercially available in Fiber

Optic Center inc.). They were dispersed following a previously established procedure [35, 96]. We

first weighted the particles and dried them overnight at 150 ◦C, to eliminate adsorbed water during

storage. Later, once the particles have thermalised outside the oven, we add the desired volume of

the fluid (acetone or MEK) to reach the working concentration (we used volume fractions of 5, 10,

15 and 20%). The suspension is sonicated at controlled temperature (24-27 ◦C) for approximately

4 hours. Typically, during the last 2 hours opalescence colours were already observable in the

meniscus. Finally, for the sake of reproducibility, we kept the dispersion outside the sonicator for

20 min before carrying out the experiment.

We worked at room temperature (≈ 25 ◦C) with a standard spin coater (Laurell technologies,

WS-650SZ-6NPP/LITE/OND). The equipment was kept inside a fume hood for protection from

the vapours of the solvents.

We used approximately square pieces of silicon wafer (∼ 25 mm × 25 mm) as substrates, they

were cut from standard disks (4 inch diameter). To proper fitting into the spin coater holder,

we fixed the substrates into standard microscope slides using UV glue. The cleaning was done

with successive rinsing with ethanol and distilled water. We eliminate the excess of water over

the substrates by blowing N2 gas, they were finally dried over a hot plate at 90 ◦C. To avoid

contamination we kept them in a clean container until needed.
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Each experiment consisted on pipetting 40 µL of suspension over the substrate already spinning

at a constant rate. We finished the experiment by stopping the rotation after the fluid had

completely evaporated. This typically occurred in less than 2 s since the pipetting.

We captured high-speed movies of the experiment (1000 frames per second, uncompressed avi

format) with two different setups: the first one gives access the long range orientational ordering,

the second one gives information on the thinning process (Figures 6.1 A and B, respectively).

In both cases, we used a high intensity light source (300 W, incandescent tungsten lamp) but,

localised at opposite angles (see Figure 6.1). In the first configuration, we capture the back

scattering of the spinning suspension that provides images of bright coloured arms in the fluid

and dried phase. This provides a large contrast of the bright arms with respect to the background.

In the second configuration, we observe the specular reflection of the light source. This results

in interference fringe patterns related to the change in thickness on the spinning fluid (similar

to Newton rings). For a correct visualisation of these rings, it was necessary to introduce two

additional elements in the optical setup: a diffuser, in front of the light source (to homogenise

the illumination); and a band pass filter (450 nm ±50 nm), in the lens setup in order to fix the

length scale related to the fringes spacing.

A B

Figure 6.1: General experimental setup: The two lighting setups used allow observation of the

two main variables that change in the fluid phase during the experiment, the long range ordering

(configuration A) and thickness variations (configuration B).

6.1. Characterisation of the dynamics

We analysed the movies obtained in the experiment (using lighting configuration B) with a

homemade software written in Octave R©. We split each movie into frames and extract the radial

distribution of the light intensity. For this, we defined a set of ring-like masks (four pixels thick

in the radial direction) that goes from the centre of rotation up to 200 pixels in radius. On the

substrates, this distance represents a circular area of 10 mm in radius. Each mask overlaps with

its consecutive in two pixels as shown in Figure 6.2(a).

We mask every frame and decomposed it in consecutively increasing rings. The average grey

intensity on each ring is taken to be the mean intensity at the corresponding radial distance.

Movies processed in this way give spatiotemporal diagrams like the one shown in Figure 6.2(b).

In this figure a banding parallel to the radial axis is observed during the whole experiment, even

before the pouring of suspension, thus is a phenomena unrelated to the dynamics of the fluid.
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Figure 6.2: (a) Sketch of the overlapping of masks for calculation of radial grey level variation.

Half of each mask overlaps with the previous one. (b) Spatio-temporal diagram of the radial grey

level. Obtained from light configuration B. We define four stages: (I) pouring, (II) thinning, (III)

drying front, (IV) dried structure. The constant periodicity observed in all stages is due to a

slight misalignment of the optical setup and the plane of rotation, the frequency of the oscilation

coincides with the rotation rate.

we believe that it originates from a slight misalignment of the light source and the plane of the

rotating substrate. The spatiotemporal diagrams are characterised by four stages:

1. Stage I: Transient initial state. The bright area corresponds to rotation without fluid, while

the darker is the suspension that is accelerated and spun away forming Ekman spirals.

2. Stage II: A nearly flat fluid film thins homogeneously. The alternating bands in the temporal

direction correspond to the alternating bright and dark bands as the suspension thins.

3. Stage III: Structure starts to dry. Two areas become clearly distinguishable: dark (dried

structure) and bright (wet suspension).

4. Stage IV: Completely dried structure rotates with the substrate.

We focus first on the position of the drying front as a function of time, that is the position of

the transition from the bright region to the darker one in Stage III. In figure 6.3, we show some

examples of the averaged grey profile at different times, this are obtaining of the spatiotemporal

diagram in Stage III. As they change slowly, we were able to measure its relative displacement

by convolution of two consecutive profiles.

The dynamics of the thinning process was studied through the fringe patterns in the Stage II.

We first measured the thinning rate by establishing the frequency at which the rings were passing

through a fixed radial position (see Figure 6.4(a)). We performed this measure at three radial
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Figure 6.3: Radial profiles of average grey level. We show selected times extracted from the Stage

III on the spatiotemporal diagram. For the determination of the displacement of the drying front

we convolve profiles at t and t+1 ms.

distances between 1 and 5 millimetres from the centre. The second measure was made in order

to recover the thickness profile for several times. For this, we measure the radial position of each

ring (see Figure 6.4(b)) and then consider the thickness difference between them. Both measures

are equivalent to move along the spatiotemporal diagram, either at a fixed radial position (first

measure) or at fixed time (second measure). They differ essentially in that in the spatiotemporal

diagram we performed the azimuthal average.

(a) (b)

Figure 6.4: Dynamics of thinning. (a) at a fixed radial distance the time between consecutive

rings gives the thinning rate. (b) At a fixed time, we measure the distance between consecutive

rings obtaining the thickness profile of the fluid.

To calculate the thickness change between consecutive rings we assumed a Newton ring system

composed, on one hand, by the top surface of the fluid and, on the other, by the reflective surface of

the substrate. The band pass filter in the lens setup fixes the observable wavelength to 540±40 nm,
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which leads to a thickness variation (between consecutive bright and dark bands) of:

d =
λ

2〈neff〉
=

540 ± 40nm

2 × 1.42 ± 0.04
= 190 ± 20nm (6.1)

The refractive index is not constant since the proportion of components changes dynamically

as evaporation occurs. Nevertheless, both components of the suspension had a similar refractive

indexes, MEK: 1.38 and SiO2: 1.46. Therefore, we assumed an effective refractive index of 1.42

with an error that included both limit cases (pure MEK and pure SiO2).

6.2. Characterisation of the dried structures

The thickness of the deposits was characterised using Atomic Force Microscopy (AFM, Asylum

Research MFP-3D
TM

). We measure the height of the upper surface of the structure, referenced

to the substrate. For this, we created a radial reference by scratching off a line going through the

centre of rotation or as close to it as possible (Figure 6.5(a)). We operate the probe on contact

mode. The tip was lowered until the software register the top surface, then the parameters of the

AFM were adjusted to obtain a maximum range of sensitivity. The system, then, measures the

deflection of the tip as it scans capturing the topography of the structure. We scanned regions of

90 µm× 90 µm, every 100 µm near the centre where the thickness variations were considerable,

and 500 µm far from the centre where the structure was typically flat. The scanning was done in

such a way that approximately 10 µm of the 90 µm belong to the exposed surface. An order zero

flattening was applied to compensate internal systematic error of the system. Data was analysed

with the same IgorPro R© software that controls the AFM system. The height from each scanned

square area, shown as a grey level image on Figure 6.5(b), was summarised on a histogram.

These plots showed typically a bimodal distribution (Figure 6.5(c)) where, each peak represents

the height of a main area (substrate or top layer). We force the code to consider only points near

the peaks and used those points to fit a Gaussian function on each peak. The thickness was taken

as the difference between the means of the fitted Gaussian. Each scanned region had several

heights. Therefore, we took as error the sum of the standard deviation for each fitted function.

In this way, the thickness and error reported here encompass all the thicknesses present on the

scanned areas. In general, both peaks where not perfect Gaussian functions and presented some

asymmetry. This was due mainly to the scratch made on the structure used as reference. After

the scratch was done, we carefully blow compressed air over the structure to remove as much

loose particles as possible. Nevertheless, is was common to have particles or partial deposits on

the exposed substrate that gave the second maximum (next to the blue fitted curve in Figure

6.5(c)). Similarly, the scratching process deposits some particles on top of the structure

The microscopic structure was observed via Scanning Electron Microscopy (SEM). As reported

previously [35], the top surface of these crystals presented, mainly, either hexagonal or square

packing (Figures 6.6 a and b).

In section 8 we will present preliminary results on image processing of SEM images that has

been done to quantitatively characterise the structure regarding their symmetry, orientation and

domain size.
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Figure 6.5: a) Optical image of the AFM tip and sample at the moment of measure the thickness

near the centre of rotation. b) Grey level representation of a typical AFM scanning along the

exposed substrate. c) Histogram of the measured heights and Gaussian fits used to obtain the

thickness of the structure.
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(a) (b)

Figure 6.6: SEM images of the top surface of deposits. a) mixture of hexagonal and square

arrangement observed on areas exhibiting diffused six arms, b) highly directed square arrangement

found in concordance with four arms symmetry in the optical inspection.
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Chapter 7

Results

The starting point in the spin-coating of rapidly drying suspensions was the presence of a

long range orientational order in the dried structures. This orientational correlation gives rise

to macroscopic bright coloured six or four arm stars (recall Figure 5.1). We will show, firstly,

the results on thickness profiles for these dried polycrystals obtained at different experimental

conditions. We varied the rotation rate of the substrate, the initial concentration of the suspen-

sion, the partial vapour pressure in the atmosphere surrounding the substrate, and the fluid used

as dispersive medium (MEK or acetone). Then, we will focus on the dynamics of two, a priori

independent, aspects: the thinning of the suspension and the long range order in the fluid phase.

Also, we study the dynamics of the transition from the fluid suspension to the dried polycrystal.

Finally, we will present a general description of the macroscopic quality of the arms.

When we mention time, we will refer, almost exclusively, to dimensionless time defined as:

τ = ω(t − tdry), (7.1)

where tdry is the time at which the structure dries completely and ω is the rotation rate of

the substrate. This definition established that the time scale is measured as the angle that the

substrate had rotated with respect to the position at the moment of final dried tdry. From equation

7.1 all the dynamical measures will take place for negative τ .

7.1. Thickness of the dried polycrystaline structures

We measured the thickness profiles as detailed in section 6. In general, all the profiles showed

a similar bell-like shape with the maximum located in the centre of rotation. Outer areas were

always flat and the centre itself presents a small plateau (see Figure 7.1(a)). The increase of the

rotation rate was accompanied by a decrease of the average thickness. When acetone was used

as solvent, the thickness profiles had a similar shape to the obtained with MEK, although they

showed a larger average thickness, at the same rotation rate (see Figure 7.1(b)). If we reduce the

initial concentration of the suspension, this general picture gets slightly modified. Experiments

with 10% showed a displacement of the central maximum from the centre of rotation (see Figure

7.1(c)). Initial concentrations of 15% also appear to have the maximum slightly displaced from

the centre of rotation, but the offset is much smaller and the measures are not conclusive. An

increase of the partial vapour pressure of the suspension’s fluid inside the spin coater had a similar
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effect to a reduction of the concentration. In Figure 7.1(c), we see clearly that the saturation

of the atmosphere with acetone results on a thickness profile equivalent to reduce the initial

concentration from 20% to 15%.
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Figure 7.1: Dried thickness profiles. (a) Profiles at different rotation rates for 20% MEK suspen-

sions. (b) Profiles at different rotation rates for 20% acetone suspensions. (c) Profiles for films

obtained from acetone suspension at different initial concentration (colour) and at saturated ace-

tone atmosphere (black).

7.2. Dynamics of thinning

The lighting configuration B (Figure 6.1, section 6) allowed us to visualise interference rings

related to the thickness changes on the fluid surface (with respect to the substrate). Figure

7.2 shows a sequence of frames for a typical experiment. Initially, Ekman spirals formed while

the suspension was pipetted over the rotating substrate and accelerated by it (see Figure 7.2,

t=0.07 s). These heterogeneities rapidly disappeared, once pipetting ceased, and axisymmetric

rings become visible (t=0.21 s and later, Figure 7.2).
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A first remark to be made is that the distance between rings is shorter as we get closer to the

centre, even at the early stages of the experiments (t=0.14 s in Figure 7.2). This imply that the

thickness of the fluid film has a radial dependence. We calculated the thickness profiles of the

fluid film by measuring the distance between consecutive rings at different times. Considering

the Newton’s rings scaling (equation 6.1, in section 6) we obtained the profiles for the spinning

suspension (see Figure 7.3(a) and (b) for two experiments at 7000 and 4000 rpm). Interference

pattern allows us to access the thickness profile but, we ignore the order of interference needed

to determine the absolute thickness. Nevertheless, we could establish a limited region where

the fluid data is compatible with the dried one. To do this, we considered a situation where the

suspension was fluid in the centre (and presented interference rings) and dried in the outer region.

In the outer area the thickness was the dried one measured with the AFM (plus symbol in Figure

7.3(a)). Thus, we create sets of data, matching the fluid points (with different offsets in the

vertical direction) and the outer dried points (without an offset). An example of such ensemble is

the curve with triangular symbols △ at τ=-14 rad in Figure 7.3(a). Then, we fitted the different

sets with an heuristic bell-like function (A + B/(1 + (C/ρ)2)) and selected the two limit cases

where the fitting did not reproduce the data ensemble. This procedure gave an uncertainty of ∼

1 µm in the absolute location of the fluid thickness profiles but still allows to reasonably locate

the fluid profiles with respect to the dried ones.

We measured the thinning rate evolution by measuring the frequency at which the interference

rings went through a fix radial distance. This is conceptually equivalent to laser-based measures

commonly used in pure fluids and polymers [82, 83]. In our case, we accessed to the thinning

rate in the whole surface of the substrate instead of one point. Again, the Newton’s ring scaling

gives the thinning rate from the frequency measures (d calculated from equation 6.1). For each

experiment we measured the frequency on three points at different radial distances (from 1 to

5 mm) for as long as the rings were discernible. Scaling of the data to dimensionless times led to

a collapse of all points (for every radial position, time and substrate rotation rate, as shown in

figure 7.4).

Figure 7.2: Typical sequence observed using lighting configuration B (Figure 6.1). In the first im-

age we observe Ekman spirals that appear during pipetting. Milliseconds after pipetting ceased,

heterogeneous alternating dark and bright bands became visible (0.14s frame, in the outer area).

The bands took a concentric ring symmetry after a few milliseconds, when the initial hetero-

geneities dissipated, and they remain until the final drying of the suspension.
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Figure 7.3: Thickness profiles in the fluid phase. (a) Profile at τ=-14 rad (△ set) is an ensemble

of fluid points (ρ< 1 mm) and dried points (ρ ∼ 6 to 9 mm). These kind of ensemble was used to

properly locate the absolute thickness on the fluid stage (details in text). (b) Profile for 4000 rpm

experiment. Lines, that correspond to fits to A + B/(1 + (C/ρ)2), are only for visual guidance.

We finally fitted the scaled thinning rate to the equation:

−dh/dτ =

{

(0.5αh0)/(1 + α(τ − τ0))
1.5 + ǫ if τ < 0

0 if τ ≥ 0
(7.2)

This equation is originally inspired in the classical analysis made by Emslie et al. [9] for non-

evaporative fluids and, later, extended by Meyerhofer [10] to volatile ones. In the next chapter, we

will make a detailed deduction of this formula, its implications and differences with the standard

approach.

7.3. Dynamics of long range orientational order

The bright arms, that were firstly observed in the dried polycrystals, were also found on

the fluid phase. Using the lighting setup A (Figure 6.1, section 6) we observed the long range

orientational order in either stage (dried or fluid). In Figure 7.5, we qualitatively show the

typical sequence that was identified during the crystallisation process. We found five generic

phases common to all experiments:

Phase I (pouring) Initial transient state, characterised by Ekman spirals while the suspension is

pipetted onto the rotating substrate (Figure 7.5 a).

Phase II (six-fold) Six arms become clearly visible, initially broad and localised in the centre

of rotation but within a few milliseconds they expand over the whole area of the substrate.

Simultaneously, the arms became thinner and well defined (Figure 7.5 b).

Phase III (symmetry transition) The 6-fold symmetry goes to a 4-fold one. It starts in the centre

and, in few milliseconds, the new symmetry expands over the substrate (Figure 7.5 c).
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Figure 7.4: Scaled thinning rate, extracted from Newton’s ring frequency, vs. dimensionless time.

The red line comes from the fit of equation 7.2. Points correspond to different radial distances,

rotation rates and time. Dashed lines are the two terms of this equation plotted separately. The

non-evaporative term is the τ dependent element of the sum. The evaporative term is the constant

ǫ=0.015 µm/rad.

Phase IV (order disappearance) The arms disappear in the outer area of the substrate and the

four-fold symmetry shrinks towards the centre where it was previously originated (Figure

7.5 d).

Phase V (drying) The outer area, where the order had been lost, starts to dry. This defines a

circular perimeter which reduces as the remaining fluid evaporates. As the structure dries,

arms appear again visible with a symmetry that depends on the experimental conditions

(Figure 7.5 e, f).

While the phases that involved the fluid suspensions are common for all experiments, we

observe that the dried structure can take one of two different states (Figure 7.5 f) characterised

by the symmetry in the outer region. While in the centre is always 4-fold, in the outer region most

of the experiments gave 4-arms symmetry but, as the films became thinner (either by increase of

rotation rate or decreasing of initial concentration), the structure consistently changed to a 6-fold

symmetry. As reported previously [35], these two symmetries were correlated with a microscopic

arrangement of the top layer: square structures with 4-arms and hexagonal ones in 6-arms areas

(confirmed via SEM imaging of the top surface).
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Figure 7.5: A sequence that illustrates the typical dynamics on the long range order. (a)-Phase

I- The suspension is pipetted onto the rotating substrate, Ekman spirals appear as the fluid is

accelerated. (b)-Phase II- As pipetting ceased the spirals disappeared, and 6-arms appear clearly

contrasted against the background. They initially locate in the centre but rapidly expand over the

surface. (c)-Phase III- The symmetry changes to a 4-fold structure, again starting in the centre

but rapidly expanding over the substrate. (d)-Phase IV- This new structure is lost. Initially this

occurs in the outer region but, it progressively grows toward the centre as the 4-arms shrink.

(e)-Phase V- The drying starts on the periphery, evidenced by a large change in the contrast due

to the exchange in the refraction index (from MEK or acetone to air). (f) As the structure dries

bright arms appear again, which is the final permanent structure. While the dynamical fluid

stages are qualitatively identical in all experiments, the dried structure can take one of two states

distinguished by their external symmetry: 4-fold at low angular speeds or high concentration

(top right, 20%, 4000rpm, MEK solvent) and 6-fold at high angular speeds or low concentration

(bottom right, 20%, 6000rpm, MEK solvent). The red lines overlapped are guides for the eye.

Snapshots were digitally enhanced to improve visualisation.

7.4. Dynamics of the drying front

The transition from the fluid suspension to the dried structure is clearly visualised through

any lighting setup (see Figures 7.2 and 7.5). This is a consequence of the sudden change in the

refractive index as the structure dries and the dispersive medium (acetone or MEK) is replaced by

air. In all cases, the front presents a circular shape and it progresses from the outer edges, where

it is firstly dried, towards the centre. The analysis was carried out as described in section 6 for

images taken in configuration B (figure 6.1). In Figure 7.6(a) we show the position of the drying

front as function of dimensionless time (scaled using equation 7.1). In all cases, two regimes

are clearly identified where the velocity of the drying front is different. Far from the centre, the

front moves rapidly with a dynamical behaviour that depends on the rotation rate, while, near

the centre, the dynamics appears independent of the rotation rate. In Figure 7.6(c), we plot the

asymptotic slopes of the curves in Figure 7.6(a), and we observe that the inner dynamics is largely

independent from the rotation rate, while the outer one is not. We extrapolated these asymptotes,

and defined the crossover between both lines as the coordinates at which the transitions occur

(see Figure 7.6(d)). From this figure, we observe that an increase of rotation rate drives the

transition closer to the centre and later in time.
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Figure 7.6: Drying front dynamics. (a) Position of the drying front vs. τ for MEK experiments.

(b) Position of the drying front vs. τ for acetone experiments. (c) Asymptotic slopes calculated

for early and late times. (d) Crossover of the asymptotic behaviour shows the evolution of the

position of the transition as a function of the rotation rate.

7.5. Arms definition in the dried substrate

Figure 7.7(a) shows a typical sequence of samples obtained at different rotation rates. In this

sequence, the rotation rate increases from the left to the right of the image. In addition to the

number of arms in the sample, there is a difference in the morphology of the arms between the

region near the centre and far from it (see Detail in Figure 7.7(b)). These series of transitions

are limited by two extreme cases. The lower extreme was obtained with suspensions at very

low concentration (5% volume fraction), where we did not found well defined arms. The upper

extreme is obtained with low rotation rates and high concentration suspension (2000∼3000 rpm

and 20∼40%). Here, we found a well defined four arms star (Figure 7.7(b)(I)) covering large

areas of the substrate. In the intermediate cases we found a clear distinction between the inner

and the outer arms. The radial position of the transition between the inner and outer regions

reduces as the rotation rate increases, at a fix concentration, or as the concentration decreases,
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at fix rotation rate (Figure 7.7(a) and 7.7(c)).

(a)

(b)

(c)

Figure 7.7: Colour images of the arms taken in a back scattering setup (light source is the built-in

flash of the camera). (a) Typical stars found in evaporative spin-coating, samples are ordered

from left to right as increasing rotation rate used (3000, 4000, 5000, 6000 and 7000 rpm). The

rotation rate of the substrate was the only parameter varied on this sequence. (b) Detail of the

distinct arms morphologies is evident from the images. All samples were made with 20% MEK

suspensions. (I) 4-fold well defined arms that cover most of the surface of the substrate, observed

at very low rotation rates. (II) inner and outer 4-fold from a 5000 rpm sample. (III) inner 4-fold,

outer 6-fold obtained at 7000rpm. In the last two cases, the inner arms are bright and sharp while,

the outer ones are diffuse. (c) Sequence of acetone samples at different initial concentration, from

left to right: 20%, 15% and 10%, all images are at the same scale.



Chapter 8

Discussion

8.1. Model for spin-coating of evaporative fluids

In the introduction we presented a detailed deduction of Emslie et al. [9] equation for a viscous

fluid thinning on a rotating disk. Also, we briefly introduce Meyerhofer modification for taking

into account a volatile fluid in equation 5.7. In this approach, a constant is added to the thinning

rate as a function of thickness. With this inclusion is not possible to recover an explicit expression

for the thinning rate. We will show that Meyerhofer equation is an approximation for low volatile

fluids and that its is possible to extent Emslie model to low and high volatile fluids while retaining

an explicit expression for the thinning rate.

In the Meyerhofer equation, it is necessary to know the absolute thickness of the fluid at each

time. This is generally unknown, since the standard approach to measure the thinning implies the

use of laser interference for which the order of interference is unknown. In general, it is possible

to estimate the absolute thickness, either by measuring the final thickness of the deposit or using

it as a fitting parameter [42, 82]. Nevertheless, the actual measure is the temporal evolution

of the thinning rate, that typically is seen as an oscillatory signal with a period which becomes

longer as the fluid dries (see [82, 83] for some examples). In our case, the absolute fluid thickness

profiles have a systematic error of the order of 1 µm. Therefore, we would like to avoid a fitting

to Meyerhofer formula. Additionally, we obtained an excellent fit of the temporal evolution of

the thinning rate (Figure 7.4). For the fitting we used the temporal evolution for a non-volatile

fluid (obtained in [9]) plus a constant value that accounts for the evaporation contribution. Based

on this experimental observation, we reconsider how to incorporate the effect of evaporation on

the model. Now, we will derive a model that gives an exact expression for the thinning rate in

evaporative fluids.

We start with Emslie temporal equation 5.6 for the thickness:

hn−e =
1

(

4
3ν̃ τ + C†

3

)0.5 (8.1)

here, we rewrote the thickness as hn−e to stress out that, in the model, there is only the

contribution of non-evaporative thinning. In our measures we have both effects: evaporative and

non-evaporative. We will assume that these two phenomena are decoupled and that the total

83
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thickness, at a given time, can be expressed as:

he = hn−e − ǫt/A (8.2)

Here, he is the thickness that we actually measure in the experiment, hn−e is the non-

evaporative term (in our simple consideration it will be given by equation 8.1) and ǫ/A is the

evaporative term (evaporation rate divided by the area of the free surface of the fluid). This last

term is negative since positive evaporation rates produce a decrease on the thickness (negative

evaporation rates will indicate vapour condensation on the surface [105]). Now, we can replace the

hn−e in equation 8.1 for its equivalent as a function of the measured thickness and the evaporation

rate.

he + ǫ̃τ =
1

(

4
3ν̃ τ + C†

3

)0.5 (8.3)

here, we multiplied the evaporative term by ω/ω = 1 to maintain coherence with the rest of the

formula: (ǫt/A)ω/ω = (tω)ǫ/(Aω) = ǫ̃τ . Now, we can isolate h and derive with respect to τ , in

order to obtain the thinning rate:

he =
1

(

4
3ν̃ τ + C†

3

)0.5 − ǫ̃τ (8.4)

∂he

∂τ
= −

−1
2

4
3ν̃

(

4
3ν̃ τ + C†

3

)1.5 − ǫ̃ (8.5)

∂he

∂τ
= −

1
(

(

3ν̃
2

)2/3 4
3ν̃ τ + C∗

3

)1.5 − ǫ̃ (8.6)

∂he

∂τ
= −

1
(

(

1.75
ν̃1/3

τ + C∗
3

)1.5 − ǫ̃ (8.7)

∂he

∂τ
= −

1
(

(

1.75
ν̃1/3

(τ + τ0) + C∗
3

)1.5 − ǫ̃ (8.8)

where C∗
3 = (3ν̃/2)2/3C†

3. In the last expression (equation 8.8), we included a displacement τ0

in the dimensionless time. This displacement is necessary to compare with the formula fitted

since, in our measures of the thinning rate, the time was scaled to τ = ω(t− t0). Thus, this final

expression is of the same form as the one used to fit the experimental thinning rate (equation 7.2,

Figure 7.4):

∂hev

∂τ
= −

1
(

0.19(τ + 160) + 0.011
)1.5 − 0.015 µm (8.9)
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Comparing the corresponding terms, we can determine the different estimates for the parameters:

ǫ

Aω
= ǫ̃ = 0.015 µm ⇒ ǫ = 7 · 10−3ω µL

ǫ ∼ [1, 5] µL/s

1.75

ν̃1/3
= 0.19 µm−2/3 ⇒ ν = 781 · 10−12ω m2

ν ∼ [10−7, 6 · 10−7]m2/s

C∗
3 = 0.011 µm−2/3

Here, we used A = πr2 and r = 12.5 mm. From this comparison we observe that the evaporation

rate depends linearly with the rotation rate ω, and its value is of the order of 1 µL/s. The

kinematic viscosity ν is of the same order of magnitude that the kinematic viscosity of pure MEK

(5·10−7 m2/s).

From this model we distinguish two regimes, one non-evaporative and one evaporative. The

former is dominated by radial flows, while in the latter flows are mainly in the vertical direction.

Also, while in the first regime the flows carry particles and fluid away from the rotating substrate,

in the second regime is mainly fluid phase that is lost. Thus, the final dried thickness, that is

determined by the solid phase (i.e. particles), is mostly determined by the time at which the

evaporative regime starts to dominate the dynamics. This explains the thicker deposits observed

for acetone. This fluid has a higher evaporation rate than MEK, while the other physical proper-

ties remain similar. Therefore, we expect that the non-evaporative dynamics that represents this

process is the same than the one plotted in Figure 7.4 but with a larger evaporative term. Hence,

the transition occurs at earlier times and the final thickness is larger than in MEK experiments.

If we consider the thickness for the case of the lower concentration suspensions, we expect

that the dynamics will remain unchanged since the 20% experiment are represented by a fluid

model, this also should occur in less concentrated suspensions. Nevertheless, as the concentration

is smaller than in the previous cases we would expect a decrease in the thickness as is observed

in Figure 7.1(c). This can be understood if we consider that the dynamics (from non-evaporative

to evaporative) also produce a change in the flows geometry. As considered before, in the non-

evaporative regime the flows are radially outward, thus fluid and solid phase is expelled. In the

non-evaporative regime flows will tend to shift towards the vertical direction, thus there will be

a decrease in the fluid phase but no in the solid one. The volume lost in the non-evaporative

phase will remain constant despite the change in concentration, but the solid phase will decrease

as a result of the lower concentration. We compare the relative change of volume of the dried

structure in the different conditions. From Figure 7.1(c) we estimated that a reduction of 25 and

50% of the initial concentration results in a decrease of 31% and 50% of the mean thickness which

is consistent with the flow geometries depicted before.

We presented radial thickness profiles for the dried substrate obtained in an atmosphere satu-

rated with acetone (recall Figure 7.1(c)). There, we saw that the thickness profiles for increasing

the vapour pressure of acetone gives a very similar result than for decreasing the initial concen-

tration from 20% to 15%. The effect of increasing the vapour pressure of acetone is to reduce

the effective evaporation rate of the suspension and, then, the non-evaporative regime extends to

later times and the final thickness reduces.
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8.2. Evaporation rate during final drying

When the suspension concentrates enough, it cannot be considered as a simple fluid. In this

situation, evaporation takes place through the pores of the structure. Eventually, the structure

dries and a drying front forms in the region of transition from the fluid suspension to the dried

structure. At this point, the fluid is confined to smaller radii than the drying front position (see

Figure 7.6), and it wets the previously deposited porous structure. Then, if we consider the fluid

enclosed by the circular perimeter defined by the drying front, the volume of fluid can change due

to two different mechanisms: evaporation that takes place on the upper surface or, capillary flows

that carry fluid to the structure outside the perimeter. These two contributions have different

radial behaviour. Evaporation depends on the exposed surface (Ae on Figure 8.1(a)). Thus, it

behaves as ρ2. However, capillary flows depend on the compactness of the deposited structure

and the wetting properties of the particles. Nevertheless, if we assume that these parameters

remain constant, the capillary flows only depend on the area at which they circulate, i.e. Adf in

Figure 8.1(a). From Figure 7.3, we see that dh/dρ has a maximum value of 10−3, consequently,

the change in volume in the fluid phase due to capillary forces should be proportional to ρ.

(a)

dt

dh

dρ

h

ω

(b)

Figure 8.1: Schematic representation of the effect of drying over the dimensions of the idealised

cylinder. A change of dt gives a change of dh and dρ.

The small dh to dρ ratio indicates that a straight cylinder is a good approximation for the

fluid shape. In Figure 8.1(b) we sketched such a cylinder that, in a time dt, shrinks a volume dV

(represented by a change dh and dρ). We can geometrically estimate the change in the volume

as:

dV/dt = 2πρ(dρ/dt) h + πρ2(dh/dt) (8.10)

In this expression, the overlapping volume 2π × ρ×dh×dρ will be counted twice but, it is small

enough to be neglected at a first approximation level. The exact values of most of the quantities

involved at the time of drying are inaccessible to our experimental setup. Nevertheless, we can

give an approximate value for each term from our experimental data:

dρ/dt from the asymptotes in the early and late times (Figure 7.6).

h at the moment of drying, can be estimated from the dried thickness profiles in Figure 7.1.
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we estimate an upper limit for dh/dt from Figure 7.3 by considering the value of the fitting

function at time τ = −40 rad.

With these values in consideration we obtained the evaporation rate dV/dt as a function of

the radial position of the drying front that is plotted on figure 8.8. On the left, we show the

estimation for large radial distances overlapped with fittings to a linear and a quadratic function

(red and green, respectively). On the right, we plotted the corresponding dV/dt for small radius

(linear fit in red).
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Figure 8.2: Evaporation rate during final drying. (a) Far from the centre. (b) Near the centre.

Empty points were calculated from experimental data using equation 8.10, red and green curves

are linear and quadratic fitting respectively.

The departure from linearity is too weak to prefer a quadratic fit to a linear one. However,

it can be seen that this departure is higher at large rotation rates and at radial distances far

from the centre (see Figure 8.2(a)). Also, it is for these high rotation rates experiments, that we

observed a transition from 4 to 6 arms in the dried structure. This observation is in agreement

with argument presented by Vermolen [41] that the transition to 6 arms occurs when the flows

induced by evaporation become relevant with respect to capillary flows. This picture is also valid

if we consider the thickness of the structure: a thicker structure has larger capillary flows (since

Adf in Figure 8.1(a) is larger). The increase of the rotation rate reduces the thickness of the

structure, hence, evaporation flows gain relevance with respect to capillary flows. Additionally,

at higher rotation speeds, the evaporation rate increases (recall that, in the previous section, we

found that ǫ ∼ ω).

8.3. Order in the fluid phase

In the fluid phase, we observe a common dynamics for all experimental conditions. From

Ackerson experiments with nearly hard sphere systems [14, 17], we know the existence of phase

transitions, when such system is subjected to steady or oscillatory shearing, as a function of the

shear rate and concentration. In our experiments, at early times (large negative dimensionless

times), the spin-coating dynamics is governed by radial outgoing flows. This situation is similar
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to Ackersons’ shearing experiments, where he found always a fcc lattice parallel to the substrate

plane. Thus, it is likely that the shear-induced flows are responsible of the six-fold order observed

at the initial stages of the spin-coating process.

At later times, we observe a transition to a 4-fold structure. There is no equivalent arrangement

reported in any of the hard sphere shearing experiments [106–109] or non-evaporative spin-coating

crystallisation experiments [40]. The main difference in our experiment is the use of a highly

volatile fluid. Hence, we expect that the new symmetry could be related to the presence of high

evaporation rates.

256 ms 292 ms

Figure 8.3: Two snapshots of the fluid thinning measures. Top and bottom are the same set of

images, in the top set we highlight the arms observed on the bottom images. These correspond to

an experiment at 4000 rpm and represent the transition from a fluid 6-arms to a 4-arms symmetry.

Times shown are non scaled ones.

To test this hypothesis we observed again the videos captured on the lighting configuration

B (Figure 6.1). In Figure 8.3 we show two snapshots for an experiment done at 4000 rpm, with

20% initial concentration and MEK as fluid phase. The top and bottom images are the same,

in the top ones we highlighted the arms that are difficult to observe in the low contrast original

images (bottom). This sequence illustrates the transition from the initial 6-fold phase to the

4-fold stage. We measured the time at which this transition occurs, for the different experiments.

As the experiments were the same that we used to measure the thinning rate (recall Figure 7.3)

we can compare this times with the time at which the non-evaporative and evaporative term cross

(≈ -80 rad). This comparison is shown on Figure 8.4 for the scaled time.

The transition from a non-evaporative to an evaporative dynamics corresponds well with the

transition from 6- to 4-fold in the fluid phase. This is a strong indication that the two phenomena

are closely related. Additionally, towards the end of section 8.1 we observed that the two regimes

could be associated with different flows geometries. This could indicate that the change in flow

geometry is responsible of the transition from a 6-fold to a 4-fold symmetry.
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Figure 8.4: Fluid transition from 4- to 6- arms. Comparison of the scaled time of the fluid transi-

tion with the temporal crossover between non-evaporative and evaporative terms from equation

8.8.

Additionally, as the evaporation gains relevance, respect to the radial flows, the concentration

of the suspension increases and, the inter-particle separation decreases. The process of shear

induced melting has been thought to be related to fluctuations in the particle position (with

respect to the particle inter-spacing) since early 1980s [14]. It was recently showed by Derks et

al. [87], that the structure melts when the shear induced fluctuations are of the order of 12%

of the inter-particle separation. In our case, the shear stress is changing as the concentration

increases as well as the particle separation decreases. We could be in a situation where the

system reaches the Lindemann criterion and melts before the structure starts to dry. This can

explain the disappearance of the arms observed in Phase IV (Figure 7.5).

8.4. Order in the dried structure

Finally, we compared the position of the crossover in the drying front dynamics with the optical

transition on the arms definition (Figures 7.6(d) and 7.7) and we found that the ratio between

these two length scales is 2±1. The origin of the different morphology is not clear, it could be

that the lower speed of the drying front gives more time to the particles to accommodate in the

equilibrium well ordered structure (recall the phase diagram on section 5.2). While as the speed

of the drying front increases, the local order of the structure decreases and, thus, the arm is more

diffuse. This correspondence has a large uncertainty and need to be studied further to be clarified.

A way to determine this would be to measure the local crystalline quality on the surface of the

structure (via analysis of the SEM images). It is necessary to determine whether the broadening

of the arms is due to a more disordered or to a more correlated structure. Both situation could

contribute to the disappearance of the arms through the loss of the orientational correlation. In
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the former case, it will be replaced by randomly correlated structures. In the latter, by large

number of domains orientated in the same direction that results on a homogeneously coloured

surface (hence, decreasing the arms definition).

A first consideration on this aspect can be done by estimating the capillary number Ca at the

different regions. Consider the asymptotic front speed from Figure 7.6(c), here the speed of the

drying front is around two orders of magnitude higher in early times than in later ones. We will

take the viscosity and the surface tension to be 1 cP and 25 mN/m, respectively, and consider the

velocity of the drying front 1 and 0.05 mm/rad at early and late times, respectively. Then, Ca will

vary from around 10−3 to 10−4. Even though, in both limits the viscous forces are important,

the capillary forces will have a stronger effect at the lower limit. Therefore, we can establish

that, when capillary forces are more relevant we encounter better defined arms. Additionally, a

decrease in the role of the capillary forces, relative to viscous ones, is accompanied with a decrease

in the definition of the arms.

In order to determine if the proportion of each symmetry (hexagonal and rectangular) is a

determining factor to the appearance of the arms, we are developing a code to analyse the SEM

images. The concept behind the procedure is to perform the complex demodulation of a signal

[110]. In this case the signal is the SEM image of the structure. With the complex demodulation

analysis we intend to recover the areas of the SEM image that contribute to a same region of the

Fourier space. In one of our typical SEM image, there are many domains orientated in different

directions thus the 2D-Fourier transform produces a ring of high intensity. The radius of the ring

corresponds to the mean spatial frequency in the image, i.e. the mean distance between particles.

In Figure 8.5 left we show a typical SEM image and, on the right, we present the Fourier transform

of that image. The attempt of the program is, by performing the complex demodulation, recover

the areas of the real space that are associated to a particular angle of the ring in the Fourier

space. In figure 8.5 we highlight red areas in both images to exemplify our aim.

If we now displace the red circle following the ring, highlighted areas (red in Figure 8.5) will be

turned off and new areas will be highlighted. This is represented in Figure 8.6 where we present

a series of reconstructed images by filtering different angles of the ring (represented by the white

number on each image). To obtain this images we have filtered a circular region in the Fourier

space, centred on the ring. Then, we displaced this filtered region to the centre of the image

and compute the inverse Fourier transform that provide a complex matrix with the information

in the real space. Each image represent the modulus of the corresponding complex matrix. In

this sequence, it is clear that some pairs of images are very similar: 10-100, 20-110, 30-120. The

angle difference between these pairs is 90◦ which tell us that the structure corresponds well with

a square symmetry. Additionally, that the angle difference between one image and the other is

10◦ (10-20-30) tells us that those domains are differently orientated, and that difference is 10◦.

In the code, these frames are reconstructed every 2 degrees (not 10 as in the Figure 8.6), thus

there is a smooth transition between one frame and the next. Then, the evolution of the grey

intensity at each pixel of the reconstructed image has a series of peaks when the orientation of

the filtered region coincide with one of the main directions of the structure in the image. An

example of these plots is shown in Figure 8.7 for a situation with a square arrangement, since the

peaks are separated by 90 degree.

We construct a similar plot for each pixel position and extract the position of the maxima.

From the distance between maxima we assign the symmetry to the pixel (square if close to 90◦
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Figure 8.5: Left: typical low resolution SEM image of the deposits top layer. Right: Fourier

transform of the image on the left. The red areas on the left image contribute largely to the red

area in the Fourier image, since it coincides with one of the principal directions of the 2D order

in the real space. Other areas of the real image might contribute to that region of the Fourier

space but their contribution will be smaller since it will not coincide with the main direction of

its local order.

and hexagonal if close to 60◦).

If we now consider a series of SEM images taken at progressively larger distances from the

centre of rotation we can evaluate the change on the symmetry with this distance. This is shown

in Figure 8.8. In Figure 8.8(a) we present a 3D representation of the histogram for the square

structure as a function of the radial distance. Here, we observe that the structure near the centre

is not preferably orientated along any direction, we see this from the fact that the count of the

histogram is roughly constant between -20◦ and 60◦. as we move farther from the centre the

count on the histogram increases around a particular angle decreasing in the surroundings. From

Figure 8.8(b) we see that the maximum is not always at the same angle it start at small negative

angle and as we go farther from the centre it shift towards a zero angle. This is an expected result

since a zero angle indicates the radial direction. These results correspond to a highly concentrated

suspension (> 20%) at relative low rotation rate (3000 rpm). In this case, we observe bright well

defined arms over the whole surface, except in the centre of rotation. Thus, this results appear

to indicate that the definition of the arm is not related to the correlation of the orientation of the

different crystals in the surface of the deposit at the scale considered in this analysis. Nevertheless,

improvements of the analysis need to be done. At this point, the code does not identify properly

the hexagonal arrangements. Thus, the parameters need to be adjusted to allow to distinguish
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Figure 8.6: Amplitude images from the complex demodulation made at different angles (numbers overlaid in white on each image). A

circular region is filtered from the Fourier space ring and translated to the centre of the image. Then the inverse Fourier transform is

applied. The modulus of the resulting matrix is what we represented on these images.
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Figure 8.7: Plot of the evolution of the amplitude of the inverse Fourier transform for a single

pixel. The data was scaled to allow comparison. This representation is equivalent to the image

sequence like the one presented in Figure 8.6 considering a single pixel. We obtain a series of

peaks corresponding to coincidence of the angle of the mask and one of the main orientation of

the crystal around the pixel in consideration. Black: raw pixel evolution, Red: pixel evolution

after convolution with a hamming window to smooth the curve.

between hexagonal and square symmetries to asses whether it is the proportion between these

two structures that decides between defined and diffuse arms.
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Figure 8.8: Preliminary results of the domain analysis for SEM images extracted from a large

concentrated suspension (> 20%) that presents four well defined arms over most of the surface on

the substrate. The centre of the structure does not evidence arms. Colour coded is the normalised

histogram of the number of pixels associated to a particular orientation (blue low count, red large

count). Several images at different radii give the radial evolution of the general orientation of

the domains. (a) 3D histogram shows that near the centre the domains are orientated rather

homogeneously over a many angles (from -20◦ to 60◦). (b) Projection over the Radii-Orientation

plane, shows that the global orientation of the domains homogenises as the radial distance is

increased and, simultaneously, it approaches to zero. With the reference taken in the calculation

the Orientation=0 implies a domain radially orientated.
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Conclusions

In this work, we have investigated the formation of colloidal crystal in two different setups:

vertical deposition and spin-coating. Despite the many differences between the two systems, we

have shown that in both configurations different structures have associated a different growing

velocity. In the case of vertical deposition the structure differ mostly in its density. In the spin-

coating experiment they are distinguished by its thickness. Nevertheless, we also found other

relevant parameters that play important roles in the formation of the structure.

Vertical deposition

In vertical deposition experiments, we have identified two characteristic velocities associated

to different structures. We found that extreme structures of very sparse or close-compact deposits

(NC and CM) are built at a lower rate than structures with intermediate surface density (NCD).

We found that structures with more than one layer can be built at low or high rate. We did

not have direct access to the detailed structure of these ML, but this difference could be a result

of different compactness of the 3D ML structures.

We also found that an increase of the concentration of the suspension favoured the formation of

columnar arrangements of ML that can extend for several millimetres in the deposits. We found

that, once these columns start to form, a feedback mechanism is established and the columns

grow at the expenses of the particles in the surrounding areas.

We evaluated that the effect of the electric fields was restricted to: an electrophoretic attraction

of the particles to the positive electrode; and an increase in the interaction between the electrode

and the particles. The electrophoretic force drags particles towards the positive substrate locally

increasing the effective concentration of the suspension. We determined that, the electrophoretic

effect, is particularly important at the beginning of the experiment, although it can still be

present at later times. The sudden initial increase of concentration has the drawback that the

initial condition of the experiment can be largely affected by the increment of particles, thus a

precise reproducibility of the experimental conditions is difficult to achieve.

We observed that an increase of the electrostatic contribution gives rise to band-like structures

with well defined spacing. These bands disappeared when the electrostatic potential was increased

to 0.6 V. We think that this is due to that a proportion of particles adhere to the surface before

the flows in the contact line can drag them from the bulk of the suspension to the deposited

structure.
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Finally, we found that the alternation of structures with different characteristics (NC, CM,

NCD or ML) are not only related to a stick-slip process of the contact line but, to a combination

of growth velocity of a given structure and the availability of particles in the region near the

contact line. Structures built at high rates tend to deplete this zone (that we named PPZ) thus

forcing a transition to a less dense structure that in turn could tends to grow at low velocity. Thus,

the concentration in the PPZ is allowed to increase. Later on, this gives rise to a larger density

structure. We also observed macroscopic flows that could modified the PPZ and, consequently,

the deposited structure.

In summary, in a simple vertical deposition system the structure deposited at a particular

region of the substrate and its evolution depends on the following parameters:

1. type of structure deposited above and on the sides of the considered point,

2. local concentration of particles in the vicinity of the contact line (PPZ),

3. intensity of the particle-substrate interaction.

Spin-coating

Opposite to the vertical deposition system, in the spin coating experiment a large forcing is

applied to the suspension, given the rapid rotation of the substrate. In this system, we found

that the dynamics can be considered in two stages:

The initial state is a purely fluid stage. Here the system is comparable to Ackerson’s [14,

17, 85] and Jiang’s [40] experiments.

The final structure is formed during the final drying of the suspension. It is directed by the

drying front that moves radially inwards. There are no previous studies on the crystallisation

dynamics for this kind of systems.

We determined that the thinning dynamics of the fluid stage is perfectly reproduced by a

simple volatile fluid model. The adjustment of the model to the experimental data gives a set of

parameters that are in good agreement with the properties of the fluid.

We developed a new approach to incorporate the evaporation rate into Emslie’s model for

simple viscous fluids. We consider that this approach improves the previous model by Meyerhofer

[10], where the evaporation rate is incorporated ad hoc. Our model does not allow to obtain a

simple exact expression for the thinning rate as a function of the absolute thickness. However, it

provides a simple exact expression for the thinning rate as a function of time. This an improvement

since, in typical experiments, the direct measure is the thinning rate as a function of time.

Typically, assumptions are necessary to estimate the absolute thickness [82, 83]. However, our

approach eliminates this requirement, thus, comparison between model and experiment can be

carried out to higher precision.

We found a collapse of the dimmensionless thinning rates as a function of the dimmensionless

time. Considering the model developed, this collapse indicates that the kinematic viscoity and

evaporation rate are proportional to the rotation rate.

In addition to the expected 6-fold symmetry of a sheared suspension, we observed a transition

to a 4-fold symmetry. This transition is well correlated with the transition from a dynamics
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dominated by radial flows to one dominated by evaporation flows. This is in agreement with the

fact that the transition occurs initially in the centre of the substrate (where the strength of the

radial flows is smaller).

This can be understood by considering that the crystallisation in a fcc crystal is driven by

the shear stress applied to the suspension. From the observations of Ackerson et al. [14, 17, 85]

and Shereda et al. [84] we expect that, when the shear stress is applied by the substrate, the

structure shows 6 bright arms (fcc structure with (111) plane parallel to the substrate). This

symmetry is observed in the first part of the fluid stage. We conclude that the transition to

a 4-fold structure (fcc structure with (100) plane parallel to the substrate) is controlled by the

transition to a dynamics dominated by evaporation. This transition implies that there is a change

in the main direction of the flows from radially outwards (dominated by non-evaporative effects)

to vertical flows (dominated by evaporation effects). Hence, we can summarise this observation

as follows:

flows parallel to the directing plane → 6-arms are observed in a plane parallel to the directing

plane

flows perpendicular to the directing plane → 4-arms are observed in a plane parallel to the

directing plane

In the dried structure, we observed a transition between the morphology of the arms in the

central and the outer region. At low rotation rates (ω ≈ 2000 rpm) the arms appeared well

defined on most of the substrate. As ω increased, a region of well defined arms is restricted in the

centre of the substrate, while in the outer area the arms are wide and diffuse. Further increase of

the rotation rate induces a transition in the outer region of the substrate where a 6-fold symmetry

appears (in all previous cases the symmetry was 4-fold). A 4-fold symmetry is still observable in a

small region near the centre of rotation. Estimations of the capillary number, from the asymptotic

behaviour of the drying front, show that the transition, from a broad diffuse arms to a bright well

defined one, is related to the dynamic transition from a situation where viscous forces dominate

to one where capillary forces are more important (Ca=10−3 and Ca=10−4, respectively).

As the rotation rate is increased, the outer region structure suffers a transition form a 4- to a

6-fold symmetry. This could be due to an increase in the effect of the evaporation, induced by a

decrease in the thickness and an increase of the rotation rate. However, dV/dt estimations are

not enough to discriminate between a stage dominated by capillary flows to one dominated by

evaporative flows.

Outlook

It is clear that the dynamics in our vertical deposition experiments is complex and many

parameters are involved in the determination of a particular structure. Thus, it is necessary

to continue the research to reach a complete understanding of the system. Future experiments

should concentrate in control the experimental conditions in order to minimise the number of

effects influencing the formation process.

DC electric fields proved to have a measurable effect on the vertical deposition process, but

their effect in the initial stages of the experiment makes the conditions to vary considerably from
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experiment to experiment. It would be interesting to design experiments where the dynamics is

affected by other type of electrokinetic phenomena with a more spatially localised nature.

Quantitative measures of the porosity of ML are necessary to be established in order to

appropriately compare the different observed dynamics. This could be done by using laser confocal

microscopy in structures build with fluorescent particles. The characterisation of the flows in the

neighbourhood of the contact line would be a first step towards its control. The control of this

flow would allow to control the deposited structure by means of the PPZ.

A separately study of the flows induced by each structure would be interesting since it will

allow to compare experimental results with recently published simulations results [111].

In spin-coating experiments we were able to advance greatly respect to the previous state of the

art. Nevertheless, although the developed model reproduces with a great accuracy the thinning

dynamics, it fails when we attempt to extract the absolute thickness. Our observation indicates

that the system does not behave as predicted by Emslie or Meyerhofer models, where the fluid

should tend to planarise. This could be explained by considering a non-Newtonian model [73],

although the derivation becomes much more complex. Additionally, the characterisation of the

non-Newtonian behaviour is not a standard procedure since the suspension evaporates rapidly

and can modify its properties during the characterisation of its rheology.

Although we give possible mechanisms for the selection of the different symmetries, they

should be further confirmed. The change in the stress profile when the dynamics changes from a

non-evaporative to an evaporative dominated system could reveal the underlying mechanisms.

Similarly, the question of why the final structure selects one symmetry over other, require

more research. The estimated parameters need to be determined more precisely.

It would be interesting to investigate the changes in the dynamic as a function of the vapour

pressure. As we already mentioned we expect that the non evaporative regime will extend to

later times.

Finally, despite these films are highly reproducible, it would be interesting to develop an

experimental technique in which the pouring stage is controlled. We encounter situations where

a fast pouring of suspension produce inhomogeneous deposits, probably due to the generation of

a skin at the initial stages of the experiment.
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Summary

In this experimental work, we present a study on the dynamics of the crystallisation of colloidal

suspension. We studied two experimental setups: vertical deposition configuration and spin-

coating. The vertical deposition setup permits to apply electric fields in a configuration similar

to a parallel plate capacitor. We used polystyrene particles (1.3 µm in diameter) suspended in

ultrapure water at low volume fractions (0.1% to 0.5%). The experiments were carried out at

controlled temperature 63 ◦C and low humidity (below 2 %RH). We also applied weak electric

fields (0.2 to 0.6 V/mm) to study their effect on the dynamics. We measured the velocity of

growth of different structures at the different experimental conditions. We observed that, at low

concentration 0.1%, there is only one characteristic velocity that we associate with two extreme

structures, a very sparse deposit and a compact monolayer. For the higher concentration studied

(0.3 % and 0.5 %) we found that a new characteristic velocity of larger magnitude appears.

This velocity is associated with a sub-monolayer structure forming bands a few particles wide.

We observed multilayer structures that can grow at high or low velocity. In the presence of

electric fields, the characteristic velocities are little modified, although we identified interesting

structuring of some deposits in parallel lines of highly periodic spacing. We concluded that the

complex dynamics associated to this system is due to the different parameters that affect the

deposition process: type of structure deposited above the contact line, local concentration near

the contact line and intensity of the interaction between the particle and the substrate.

In the spin-coating setup, we used 458 nm diameter spheres dispersed on acetone or methyl

ethyl ketone. The high volatility of the fluids and the thin layer induced by the rotation of the

substrate gave a rapid dynamics (< 2 s). The concentration of the suspension mainly was 20 %.

Some experiments at lower concentration were performed, but it was observed that static results

were equivalent to increase the rotation rate of the substrate. The dynamics was recorded with

a high speed camera. We characterised the thinning rate and the long range orientational order

dynamics during the fluid stage, as well as the drying front dynamics. We also characterised

the radial thickness profiles of the dried deposits and their symmetry. We extended the model

of Emslie [9] to volatile fluids and found that gives an excellent fit to the experimental data of

the thinning rate as a function of time. We also observed a transition from a 6- to a 4-fold

symmetry in the fluid stage that correlates well with the transition from the non-evaporative

to the evaporative stage extracted from the fit. We observe a transition in the morphology of

the bright arms of the dried deposit. Near the centre they are generally well defined, while as

the speed is increased, their definition decrease in the outer region. This transition correlates

well with an increase in the relevance of capillary forces with respect to the viscous forces at the

time of crystallisation. We conclude that the balance between radial and evaporative flows are

responsible of the different observed symmetries.
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Resumen

En este trabajo experimental presentamos un estudio de la dinámica durante la cristalización

de suspensiones coloidales. Hemos estudiado dos sistemas distintos: deposición vertical y spin-

coating. La configuración usada en deposición vertical reproduce un condensador de placas para-

lelas. Hemos usado part́ıculas de poliestireno (1,3 µm de diámetro) suspendidas en agua ultrapura

a baja concentración (0,1% a 0,5% v/v). Los experimentos fueron realizados a temperatura con-

trolada 63 ◦C y baja humedad (<2%RH). Se han aplicado campos eléctricos débiles (0,2 a 0,6

V/mm) para evaluar su efecto en la dinámica asociada. Hemos observado que, a bajas concentra-

ciones (0,1%) hay sólo una velocidad caracteŕıstica asociada a dos estructuras ĺımites: un depósito

muy disperso de part́ıculas inconexas y un depósito de monocapa compacta. El aumento de la

concentración (a 0,3%, o 0,5%) es acompañado con la aparición de una nueva velocidad de mayor

magnitud que la anterior. Asociamos esta velocidad a una estructura intermedia a las anteriores.

Esta nueva estructura se caracteriza por bandas de una pocas part́ıculas de ancho. Se observaron

estructuras con más de una capa construidas a velocidades bajas y altas. Los campos eléctricos

modifican ligeramente la velocidad caracteŕıstica medida. Se observó una estructura particular

en presencia de los campos eléctricos caracterizada por cadenas de part́ıculas separadas por una

distancia con un peŕıodo bien definido. Concluimos que la dinámica compleja que se observa en

este sistema es resultado de la interelación de tres parámetros: tipo de estructura depositada por

encima de la ĺınea de contacto, concentración local de part́ıculas en las cercańıas de la ĺınea de

contacto, e intensidad de la interacción entre el substrato y las part́ıculas.

En los experimentos realizados con spin-coating, hemos utilizado part́ıculas esféricas de 458

nm diámetro dispersas en acetona o metiletilcetona. La alta volatilidad de los fluidos utilizados y

la fina capa de suspensión inducida por la rotación del substrato, resultan en una dinámica rápida

(<2 s). La concentración principal de la suspensión fué de 20 % v/v. Se realizaron experimentos

con concentraciones inferiores pero el resultado de la estructura final era equivalente a incrementar

la velocidad de rotación del substrato. La dinámica fué capturada con una cámara digital de alta

velocidad. Con estas medidas caracterizamos la velocidad a la cual el espesor decrece y el orden

orientacional a grandes distancias en la etapa flúıda. También caracterizamos la velocidad del

frente de secado. En la estructura seca, hemos caracterizado los perfiles de espesor en función

de la coordenada radial y su simetŕıa. Extendimos el modelo desarrollado en 1958 por Emslie [9]

para fluidos volátiles. Encontramos que esta extensión está en excelente acuerdo con las medidas

experimentales. Hemos identificado una transición de 4 a 6 brazos en etapa fluida. Asimismo,

esta transición corresponde aproximadamente con la transición de una dinámica dominada por la

rotación del substrato a una dominada por la evaporación. También, observamos, una transición en

la calidad de los brazos entre la parte central del substrato y la parte exterior. Hemos relacionado

esta transición a un aumento en la intensidad de las fuerzas capilares respecto de las viscosas.

Finalmente, hemos concluido que las transiciones entre las diferentes simetŕıas se deben a un

cambio en la dirección de los flujos como consecuencia de una dinámica de origen evaporativo o

centŕıfugo.
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